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ABSTRACT
NiTi-TiC shape memory composites containing 0, 10, and 20 vol.% of equiaxed
TiC particles were deformed in compression at various temperatures in order to
characterize the mechanical behavior and thermal recovery associated with the
thermoelastic martensitic transformation. Mechanical deformation was performed on
NiTi-TiC composites with a stable austenitic matrix, metastable austenitic matrix, and a
stable martensitic matrix. Limited pseudoelasticity was exhibited by the stable austenitic
NiTi-TiC materials, and stress-induced martensitic transformation was found in the
metastable austenitic material. At all temperatures, increases in the transformation
threshold stress were observed in the composites compared to the unreinforced NiTi,
indicating composite strengthening effects.
To characterize the effects of elastic and plastic strains associated with the
progression of martensitic reorientation on mechanical and thermal recovery, NiTi-TiC
composites were deformed to various strains corresponding to different structures of the
alloy. Anelastic strain recovery upon unloading increased with increasing TiC fractions,
whereas thermal recovery decreased. Increasing deformation amplified the plastic
effects, although behavior was complicated by the various degrees of oriented martensitic
structure present after unloading.
The enhancement of the two-way shape memory effect was also observed with
increasing volume fractions of TiC. Such an observation was attributed to elastic stresses
stored in the material which bias the austenitic transformation toward the deformed
martensitic structure.
Thesis Supervisor: Professor David C. Dunand
Title:AMAX Assistant Professor, Department of Materials Science and Engineering, MIT
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1. Introduction
Shape memory alloys such as CuZnAl, AgCd, NiAl, and NiTi, exhibit remarkable
behaviors characteristic of large reversible strain recovery, up to 8 %. Non-shape-
memory metals are capable of reversibly recovering only elastic deformation, which
typically amount to 0.1 % to 1 %.
Due to its relatively good mechanical properties, corrosion resistance, and
damping characteristics, NiTi has been the best candidate for shape memory applications.
Common NiTi products include rivet-type fasteners, actuators (e.g. springs, robotic
actuators -- "smart structures") which sense and react to thermal or mechanical stimuli, as
well as medical and dental implants [1]. Larger fields of potential interest include the
aerospace and automobile industries for production of self-deployable satellites and road
shock-absorbers, respectively.
From an engineering perspective, NiTi has several shortcomings, especially in
transportation and aerospace applications, where material selection is mandated by
maximizing the strength- and/or stiffness-to-weight ratio. The high density and low
stiffness as well as the high cost of NiTi (approximately $1000/kg) restrict wider use of
NiTi shape memory alloys.
Adding hard ceramic particles to a NiTi matrix is expected to result in a metal
matrix composite (MMC) with lower density; improved stiffness, strength, and abrasion
resistance; and lower cost than unreinforced NiTi.
Second-phase reinforcements, however, generate internal stresses in the
composite system as a result of several types of matrix-particle mismatch: coefficient of
thermal expansion (CTE) differences and mechanical mismatch due to contrasting elastic
and plastic properties. The transforming nature of the NiTi matrix furthermore causes
transformation mismatch between the matrix and the non-transforming particles. These
13
mismatches and the ensuing internal stresses in the composite material, thus, introduce
complex mechanical, thermal, and transformation behaviors associated with the additions
of a second phase.
The aim of the present study is to develop both a scientific understanding and
technological advances in the areas of shape memory alloys as well as MMC's by
investigating the mechanical and thermal recovery behavior of NiTi with various volume
fractions of TiC particulates. A description of the thermoelastic nature involved in the
martensitic transformations associated with the shape memory behavior in NiTi is given
in Chapter 2. Chapter 3 surveys the observations which have contributed to the
understanding of this topic. The processing of, and experiments on, the MMC's presented
in this study are described in Chapter 4, followed by a review of the results from
mechanical and thermal tests in Chapter 5. These results are analyzed and discussed in
Chapter 6, and final conclusions are presented in Chapter 7.
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2. Shape Memory Mechanism
The shape memory characteristic of NiTi is the result 'of the diffusionless
martensitic transformation which occurs by an invariant shear mechanism from the high-
temperature austenitic phase, fl, to the low-temperature martensitic phase, M. Under
isotropic conditions, 24 randomly-oriented martensitic variants, M, are formed from .
Due to the reversibility of the transformation, the martensite may fully return to original
austenitic phase upon heating [2].
Since the martensitic transformation is also thermoelastic in nature, an
equilibrium exists between chemical and strain energies. An imbalance in either of these
energies causes a phase transformation which can, thus, be induced by stresses and
exposure to heat.
Under zero or constant load, this transformation occurs over a range of
temperatures, resulting in a hysteresis loop. The temperatures which mark the start and
end of the transformation are named As and A f for the start and finish, respectively, of the
(P5 M) transformation, and Ms and Mf for the (M - ) transformation start and final
temperatures, respectively.
Shape Memory Effect
The martensitic phase is composed of variants with different orientations
exhibiting different stiffnesses. When stable martensitic NiTi experiences stresses, either
internal or applied, unstable variants realign by a twinning-type mechanism into a single
orientation which is capable of supporting the stresses. This stiff reoriented martensitic
variant shall be denoted as the M' structure [3].
Upon unloading of this reoriented martensitic M' structure, residual strains are
retained. However, the aligned M' can be randomized by a thermal excursion which
15
induces the austenitic phase, and results in transformation-associated strain recovery. On
subsequent cooling, a structure similar to the original martensitic orientation would form,
M".
This behavior has been coined "shape memory effect", or "one-way shape
memory" since only the austenitic shape is remembered.
Two-Way Shape Memory Effect
The two-way shape memory effect (TWSME) preserves the shapes of both the
austenitic, , and the deformed martensitic, M'. Thermal cycling between the austenitic
and martensitic phases results in reversible strain recoveries.
This characteristic is caused by elastic stresses stored in the matrix which bias the
austenitic transformation, stabilizing the M' variants and thus, reverting to the deformed
structure on cooling. No applied stresses are necessary.
Pseudoelasticity
Pseudoelasticity also involves a complete recovery of strains; however strain by
pseudoelasticity is due to stress-induced martensitic transformation upon deformation and
reversion on unloading. Above the Af transformation temperature, NiTi consists of stable
austenite which may transform to stress-induced martensite on loading. When the
material is unloaded, however, the martensite becomes unstable and reverts to the
austenite, which is stable at these temperatures [4].
Further descriptions on the behaviors exhibited by shape memory alloys are
discussed in what follows.
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3. Literature Survey
The shape memory effect was first reported in NiTi by Buehler et al. in 1963 [5]
and has since been studied extensively to develop an understanding of the
transformations and mechanisms involved in this phenomenon. This literature survey
reviews some of the results published over the past 30 years which are pertinent to this
investigation, namely, the effects of composition, physical metallurgy, strengthening
mechanisms, and applied stress on the stress-induced martensitic transformations and
thermal recovery behavior responsible for the shape memory effect (SME), the
pseudoelastic effect (PE), and the two-way shape memory effect (TWSME) in NiTi.
Unless noted, the alloy referenced will be NiTi.
3.1. Chemical Composition
The martensitic transformations characteristic of shape memory binary NiTi occur
over a narrow range of compositions between 49 and 51 at.% Ni [2]. Within this range,
composition variations cause large contrasts in thermal and mechanical transformation
behaviors between Ni-rich and Ni-poor NiTi alloys. The underlying cause of these
differences has been attributed by several authors [2], [6], as being the formation of Ni-
rich precipitates, thereby altering the chemistry and physical metallurgy of the matrix.
Differential Scanning Calorimetry (DSC) studies reported by Funakubo [2] on
arc-melted NiTi show constant martensitic start, Ms, transformation temperature. Below
49.81 at.% Ni, however, a rapid drop in Ms is observed with increasing Ni contents,
decreasing at a rate of approximately 91 K/at.% Ni. Xie, et al. [7] attribute this
17
increasing stabilization of the austenitic phase to the chemical deficiency of Ni in the
matrix.
3.2. Pseudoelasticity
Another result of the austenitic stabilization in Ni-rich alloys is the appearance of
pseudoelastic recovery behavior. When stable austenitic NiTi is deformed, stress-
stabilized martensite is induced, resulting in large strains with increasing stress. Upon
removal of the load, the martensite becomes unstable, and the reverse transformation
takes place, leading to the recovery of large transformation strains [8].
To characterize the chemical, thermal, and mechanical history necessary to induce
pseudoelasticity, Miyazaki, et al. [9] examined the effects of various compositions, heat
treatments, and deformations on pseudoelastic behavior. After a standard 1000*C/1
hr/furnace-cool solution treatment, alloys with more than 50.6 at.% Ni exhibited
pseudoelastic recovery, whereas those with Ni concentrations of 50.1 at.% Ni, exhibited
no measurable pseudoelasticity. Analogous to the decrease in Ms temperatures observed
with increasing Ni content [2], stabilization of the austenitic phase enhances the reverse
transformation upon unloading, which result in large anelastic strain recoveries.
In the above research by Miyazaki, et al., low-temperature ageing treatments
(300'C) also improved pseudoelastic characteristics in Ni-rich alloys by the formation of
fine Ni-rich precipitates which raised the threshold stress for slip, thereby increasing the
likelihood of stress-assisted transformation as opposed to dislocation motion to minimize
strain energy. Pseudoelasticity in Ni-poor alloys with as low as 49.8 at.% Ni was
achieved only by raising the flow stress even further by cold working immediately
followed by an ageing treatment at 300'C.
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3.3. Effect of Strengthening Mechanisms
Numerous authors have investigated the influence of various strengthening
treatments (e.g. thermal cycling, cold work) on shape memory transformation behaviors
in NiTi. Although methods used to strengthen the material varied, the underlying effect
was to raise the flow stress necessary to initiate dislocation motion throughout the matrix.
Since reversible deformations due to thermoelastic transformations compete with
irreversible deformations caused by slip, dislocation presence significantly influenced the
transformation properties and recovery behavior.
The ease of the thermoelastic transformation in NiTi is often characterized by the
width of the thermal transformation hysteresis, since high superheating and undercooling
correspond to high driving forces necessary for transformation. However, discrepancies
existing in experimental observations by different authors led to the realization that
transformation involves several mechanisms which may be oppositely affected by
dislocation presence, as described below.
Thermal Cycling
Miyazaki and Otsuka [10] observed that thermal cycling lowers Ms, which
implies stabilization of the austenite. They argued that transformation to martensite is
restricted as the lattice undergoes rapid degradation and hardening and, therefore, greater
undercooling is required to induce the martensitic transformation.
In thermal cycling experiments conducted by Skrotzki [11], however, increasing
Ms with increasing dislocation density was observed. This stabilization of martensite is
explained by the larger population of martensite nucleation sites provided by the
increased dislocation density, which thereby enhances martensitic transformation
initiation.
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Cold Working
Miyazaki and Otsuka [10] found that interfacial movements of martensite plates
were more strongly hindered by dislocations than by precipitates. This was illustrated by
a larger decreases in Ms temperature for thermal transformations and larger threshold
stresses required for stress-induced reorientation in NiTi which had been cold-rolled and
annealed, as compared to an alloy that had been aged only.
The high strains involved in cold working NiTi lead to significant dislocation
generation and/or entanglement which tend to inhibit transformation. According to
Wasilewski [12], hardened NiTi tends to restrict nucleation, growth, and reorientation of
martensite particles, thereby suppressing transformation.
Lin, et al. [13] investigated the martensitic transformations by internal friction
measurements and also found that cold-rolling stabilizes the martensitic phase in
equiatomic NiTi. Upon heating the rolled specimens, the austenitic transformation
occurred at higher austenitic start and final temperatures, As and Af, after which the
original state was recovered, and on subsequent cooling and heating, the material
recovered its pre-deformation transformation temperatures.
As reported by Johnson, et al., [14] slower transformation kinetics with increasing
slip deformation were also observed. The difference in austenitic transformation
temperatures, (Af - As), was a minimum of 5 K for NiTi deformed in tension to 10 %
prestrain and increases to 20 K at 30 % prestrain. According to this study, 6 % strain
corresponds to the deformation at which excessive slip was initiated.
Legresy [14] also studied changes in transformation temperatures as a function of
cold-work and found a broadening of the thermal hysteresis resulting from cold-rolling.
Transformation start temperatures, Ms and As both decreased slightly, although Ms
decreased to a greater extent than As. By comparison, Johnson, et al. [15] observed
increases of As with deformation. Both studies resulted in increasing Af.
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In focusing on the effect of thermal cycling on the rate of the martensitic
transformation, Van Humbeeck [16] noted a decreasing transformation rate. Since
thermal cycling increases internal friction forces due to lattice damage imposed by
dislocations, growth of the transformed phases becomes more difficult, thus decreasing
the rate of transformation.
3.3. Mechanical Properties of Shape Memory Alloys
Compressive versus Tensile Deformation Modes
Differences in deformation mode, compression versus tensile, result in strikingly
different mechanical behavior. As exhibited by the stress-strain curves reported by
Wasilewski [12] and shown in Figure 3.3.1, for a given stress beyond the onset of
martensitic reorientation, NiTi experiences notably less strain under compressive loading
as compared to tensile deformation.
Elastic Modulus
A study conducted by Mercier, et al. shows that the dynamic Young's modulus of
three NiTi based alloys consistently experiences an anomalous drop near its Ms
temperature. Values range from approximately 80 GPa for upper bounds, and fall to
values as low as 55 GPa.
Wasilewski [12] also reports Young's moduli variations of NiTi with composition,
heat treatments, and prestrains. Regardless of its concentration and prior thermal
treatment, NiTi experiences increases in Young's moduli with increasing prestrains.
Assessment of Young's modulus by analyzing stress-strain behavior is
complicated by the nonlinearity of the loading and unloading behavior exhibited by
deformed NiTi. Wasilewski [12] consistently observed hystereses in the curves.
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Yield Behavior
In non-transforming alloys, yield behavior observed by the slope decrease in the
stress-strain curves corresponds to the onset of plastic deformation due to dislocation
motion [17]. However, due to the thermoelastic characteristics of NiTi, such a slope
change may mark the initiation of stress-induced martensitic phase transformation from
the austenitic phase, or stress-induced reorientation of the martensite phase by a twinning
mechanism from randomly-oriented martensite.
In the phase transition from austenite to martensite, this apparent yield stress can
be defined by the Clausius Clapeyron relationship [18]:
do AQ( a)
(3.3.1)dT To() (p -. 3 )
where
a uniaxial stress [Pa],
T - temperature [K],
Q(o) - volumetric latent heat as a function of stress [J/m3 ],
To(o) a equilibrium temperature under stress [K], and
e-. M) a strain associated with the austenite to martensite
transformation.
Miyazaki, et al. [9] investigated the apparent yield behavior of martensitic and
austenitic 49.8 at.% Ni-Ti as a function of deformation temperature and found a
minimum near the Ms transformation temperature. This corresponds to the increasing
instability of both the martensitic and austenitic phases near the chemical equilibrium
temperature.
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Post-Transformation and Post-Reorientation
It is widely accepted [2], [19], [20], that the martensitic structure which is
produced by the stress-induced transformation from austenite, A, or by twinning from
randomly-oriented martensite, M, is of a stiff, oriented variant, M' which is stronger than
any of the parent structure. Wasilewski [19] also suggests that plastic deformation would
occur in the parent structure at stresses which exceed its plastic yield stress, even though
the applied stresses are below the flow stress of the oriented M' martensitic structure.
The extent of plastic yielding of the initial structure and its strain-hardening
effects were also observed as a rounding of the stress-strain curve at the end of the
transformation/reorientation region [19].
Studies by Rozner and Wasilewski [21] also showed very high strain-hardening
rates of the M' structure, 400 times that of FeCo. This indicates strong resistance to
dislocation motion in the M' structure and results in a high plastic yield strength for M'.
3.4. Thermal Behavior
Linear Coefficient of Thermal Expansion
Through dilatometric and hydrostatic weighing analyses, numerous authors, [22],
[22], [23], [24], have reported values for the linear coefficient of thermal expansion of
martensitic and austenitic phases in NiTi. However, due to the high sensitivity and
directionality of dilatation on thermomechanical history of the material, reported values
vary widely.
In a more recent study, Hsu, et al. [25] conducted experiments by hydrostatic
weighing using Archimedian Principles which canceled any directional bias resulting
from prior mechanical deformation. A linear CTE of 14.9 10-6 K-1 was calculated and
represents the thermal expansion relationship of a fully isotropic austenitic NiTi material.
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Transformational Shape Changes
A shape change resulting from the crystallographic distortions is associated with
martensitic transformation. In their investigation on NiTi tubes, Hsu, et al. [26] found
that anisotropy resulting from the forming of the tubes yields transformation strains
which are not necessarily equal in all directions. Hydrostatic weighing experimentation
by Hsu, et al. [25], which cancel the effects of prior deformation, showed a positive
volumetric expansion of AV/V = 1.88 10-3 for the austenite to martensite transformation
upon cooling. This corresponds to a linear expansion of AI/I = 6.3 10-4 for fully isotropic
NiTi.
According to Skrotzki [11], Ti-50.9.% Ni transforms in a smooth, continuous
course from austenite to martensite at a cooling rate of 3 K/min. The transformation can
be modeled by relating the volume fraction of martensite to temperature as:
n
fJk [Ms - Mf] (3.4.1)
where
fM fraction of martensite formed
= (Lo - L)(Lo- L),
Lo - specimen length prior to transformation [m],
L4 - specimen length after end of transformation [m],
L - specimen length between Ms and Mf [m], and
n - exponent, found experimentally to be 3.
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3.5. Thermal Recovery
Thermal recovery involves heating a deformed, reoriented martensitic alloy to
transform the martensite into the randomized austenitic structure: the material, thus,
returns to its original configuration and shape. Therefore, thermal recovery occurs in the
direction which opposes that of the deformation [5].
Although it is often stated that up to 8 % strain is recoverable in NiTi [8], [27],
[1], the actual amount depends upon the alloy composition, its thermomechanical
processing, loading direction, and deformation mode [28].
As mentioned previously in the study by Wasilewski [12], for a given stress,
lower strains were achieved in compressive deformation than in tension.
Correspondingly lower strain recoveries were measured for compressive loading (3.4 %)
than for tensile deformations (5.0 %) when stressed to 1000 MPa.
The effect of porosity on the shape memory behavior in Ti4 9Ni 51 alloys was
studied by Zhang, et al. [29]. NiTi samples prepared by normal sintering with 80-85 %
of full densification yielded recovery strains of 4.62 %, corresponding to 80.6 % of full
recovery. This was comparable to pore-free, cast NiTi which recovered 3.89-5.73 %
strain or 68-100 % of full recovery.
Martynova, et al. [30] also investigated the behavior of NiTi alloys containing 30-
50 % pores and found that for large compressive strains above 20 %, the porosity
significantly improves the reversibility of deformation compared to that of nonporous
materials. They noted the inhomogeneity of stresses within the bulk matrix due to the
presence of pores and proposed that concurrent plastic flow during transformation results
from localized stresses. For strains less than 20 % strain, however, behavior is somewhat
similar for various levels of porosity.
Wasilewski [19] also studied the effects of compressive prestrain on the recovery
capabilities in polycrystalline NiTi. With increasing prestrains, the absolute strain
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recovered in the first thermal recovery cycle increased. However, since plastic strains
were also accumulated with increasing deformation, the degree of recovery, as compared
to the total prestrain decreased.
Since plastic deformation raises the yield stress of the material, prestrain can
suppress the onset of plastic yield in subsequent mechanical cycles. In the above research
conducted by Wasilewski [19], the samples underwent further mechanical and thermal
recovery cycles. Although the absolute strain recovered from the prestrained NiTi
decreased, the degree of recovery improved.
Johnson, et al. [15] measured the recovered strains following tensile deformation,
and their results support the observations of increasing strain recovery attained with
increasing prestrains as reported by Wasilewski [19]. This study also showed that
beyond approximately 15 % total prestrain, the strain recovered after a single thermal
cycle continuously decreased. Such a decrease was attributed to the increasing presence
of plastic deformation. This investigation by Johnson, et al. illustrated that further
thermal cycling recovered additional strains. Complete strain recovery was approached
with approximately 9 cycles.
3.6. Two-Way-Shape-Memory Effect
The two-way-shape-memory effect (TWSME) is characterized by the reversible
shape alternations between the randomized austenitic phase and the deformed martensitic
phase as the material is thermally cycled through its transformation temperatures. The
origin of the TWSME is controversial [31]. However, the common premise in all
explanations is that internal stresses stored in the matrix cause a bias of the martensitic
transformation to form a preferred variant on cooling.
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Numerous authors have found a connection between the TWSME and the degree
of plastic deformation imposed on the material, as described in what follows. As
explained by Wasilewski [32], however, plastic deformation is not the prerequisite for
inducing the TWSME. The elastic residual stresses associated with the dislocations are
responsible for the preferred reversion between the phases [33].
Stalmans et al. [34] also report that anisotropy imposed on the material by plastic
deformation is associated with the TWSME. In an investigation of the mechanical
training of NiTi, Manach and Favier [31] also found that the internal stresses generated
by training had only a small effect on the TWSME.
In the previously mentioned study by Wasilewski [19] on the effects of prestrain
on shape memory recovery, the enhancement of the TWSME was observed with
increasing prestrains.
3.7. Shape Memory Composites
Shape memory composites have been investigated by several authors [35], [36],
[37], [38], [39], [40]. Kul'kov et al. [35] examined the composite system of TiC matrix
with NiTi reinforcement to evaluate toughening of a brittle material with ductile NiTi
which absorbs energy by phase transformation.
Yamada et al. [40] and Furuya et al. [39] also studied particulate and fibrous
reinforcements of NiTi, respectively, in an aluminum matrix. Model predictions
presented in [40] indicate an increase in yield strength and work-hardening rate resulting
from increasing NiTi particle fractions. Furuya et al. observed increases in strength,
Young's modulus, and work-hardening rate with increasing fractions of NiTi fibers.
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Escher and Hornbogen [37] formed a composite by sandwiching a deformed NiTi
bar between two layers of silicone rubber. This system enhanced the TWSME since
elastic energy could be stored in the silicone rubber.
A composite system consisting of a shape-memory-alloy, CuZnAl, with 1.5 wt.%
A12 03 particles was investigated by Lu, et al. [38]. High internal stresses were developed
in this system due to the large degree of thermal mismatch between the matrix and the
particles. The reinforcement of a non-transforming refractory material in a shape
memory alloy reduced the thermal transformation hysteresis by inhibiting the CuZnAl
transformation.
Similar to the second-phase composite reinforcements described above, NiTi
alloys with Nb additions have been studied by several authors. Duerig and Melton [41]
as well as Zhao, et al. [42] reported globular or elliptical Nb-rich precipitates in the NiTi
matrix with niobium additions, whereas a lamellar microstructure was observed due to
the eutectic reaction in the alloy [43].
The globular and elliptical Nb precipitates found by Duerig and Melton [41] and
Zhao, et al. [42] caused incomplete recovery in the NiTiNb alloy, even after small
deformations. The transformation hysteresis also expanded since the Nb particles
increase the frictional stress in the material and resist recovery transformation.
The observations made by the authors mentioned in this literature survey form the
basis of understanding of the shape memory behavior associated with NiTi and the
behaviors of a few shape memory composites.
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4. Material and Experimental Methods
4.1. Materials
The metal matrix composites investigated in this research were intermetallic,
shape memory NiTi reinforced with 0 vol.%, 10 vol.%, and 20 vol.% TiC particulates.
Chemical composition of the matrix material, NiTi, as determined by microprobe
analysis, consists of 48.61 at.% Ni - 51.39±0.34 at.% Ti. At 25'C, stoichiometric NiTi
density is reported to be 6.45 g/cm3 [44].
Reports on linear coefficients of thermal expansions (CTE's) vary depending on
the chemical and thermomechanical history of the NiTi, however, experiments conducted
by hydrostatic weighing experiments on 50 at.% Ni-Ti yield a linear CTE value of
14.910 -6 K-1 for austenitic NiTi between 100 *C and 75 *C [25].
Mechanical behavior of NiTi varies largely due to the strong dependence on the
thermomechanical and chemical history of the material. Behavior is also dependent on
the test conditions, as reviewed in Section 3.3.
The titanium monocarbide, TiC, in this study was in the form of equiaxed
particles 44 ptm to 100 gm in diameter. TiC has a density of 4.3 g/cm3 , and its melting
point is 3140±90 C. The CTE of TiC is 7.7 10-6 K-1 to 1000C [45], and its Young's
modulus is 449 GPa [46].
As analyzed by microprobe, the three materials were found to have the
compositions outlined in Table 4.1.1. Thermal and mechanical characterization of the
composites are given in Chapter 5.
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4.2. Sample Preparation
Both the unreinforced NiTi and the NiTi-TiC composite specimens were
processed by powder metallurgy techniques. Consolidation of powders was achieved by
vacuum hot-pressing followed by hot isostatic pressing (HIP). Samples were cut into
tetragonal pieces by electrode discharge machining (EDM) and their faces ground to
achieve proper surface finish, parallelism, and orthogonality. Finally, an annealing
treatment removed any residual stresses resulting from machining.
Vacuum Hot Pressing
Processing of all specimens were performed in three batches. Batch 1 produced
bulk discs 8 mm thick for all composites. Specimens cut from Batch 1 were
mechanically tested to observe the effect of deformation temperature on the stress-strain
curve. Thermal characterization using DSC and dilatometry was performed on specimens
from Batch 2. Batch 3 specimens were mechanically deformed to various strains and
then recovered in the dilatometer. Bulk samples in Batches 2 and 3 measured 8 mm in
thickness for NiTi-10 vol.% TiC and 15 mm in thickness for NiTi-0 and 20 vol.% TiC.
Except for the duration at maximum temperature, vacuum hot pressing procedures and
parameters did not vary between batches.
NiTi powders (-80 mesh, 177 !xm, 99.9 % pure, from Special Metals Corporation)
and TiC powders (-150 + 325 mesh, 44 !pm to 100 m, 99.5 % pure, from Cerac, Inc.)
were weighed and mixed in predetermined proportions to yield fractions of 0, 10, and 20
vol.% of TiC. A homogeneous dispersion of TiC in NiTi powders was achieved by
tumbling the mixture on a PentaPower rolling mill (Model 4000) at 150 rpm for two
hours in glass jars.
The hot-pressing containment system, schematically illustrated in Figure 4.2.1,
consisted of a graphite piston and die (bore diameter: 3.8 cm, height: 15 cm) lined with
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titanium foil (90 m thick, 99.7 % pure, Johnson-Matthey Company). The powder
mixtures, separated by alternating layers of graphite discs, were poured into the die in the
layering sequence NiTi-20, 10, then 0 vol.% TiC from the bottom upward. Such stacking
minimized contamination of excess TiC due to possible spillage of powders from upper
layers. Two coats of Nicrobraz® boron nitride (Stop-Off/Wall Colmonoy Corp.) were
applied on the titanium foil and graphite discs to minimize contamination of the
specimens at the high processing temperature.
At the pressing temperature of 1080'C (85 % of the absolute melting point of
NiTi), the high oxidation rate of Ti necessitated the use of a Vacuum Industries, Inc. hot
press sintering furnace Series 3600, Model 1-2300. With the die loaded into the furnace
induction coil, the powders were initially cold-compacted to 19 MPa, and the chamber
was evacuated to a residual pressure of 2 10-3 Pa. Under vacuum, the furnace was then
heated to 1080 C and temperature equilibrated for 30 minutes before applying full ram
pressure, 65 to 75 MPa.
Consolidation progress was monitored by measuring ram displacement as a
function of time. Maximum compaction, indicated by negligible ram travel rate, was
attained after approximately four hours for Batch 1 and six hours for Batches 2 and 3,
since larger volumes of powders were being pressed. The system was cooled to 50 C
under vacuum, at which time, air was admitted into the furnace chamber. The discs were
removed from the die and measured for approximate densities by Archimedes' Principle
using the following equation:
sample,air
psample = Isample,air + mwire,H20 - mwire &sample, H 20 pH20 (4.1.1)
where Psample = density of sample [g/cm3 ],
msample, air = mass of sample, measured in air [g],
mwire, H20 = mass of wire, immersed in water [g],
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mwire&sample, H20 = mass of wire and sample, immersed in water [g], and
PH2O = density of water, measured at room temperature [g/cm3].
Hot Isostatic Pressing (HIP)
Remaining closed pores in samples pressed in Batches 2 and 3 were consolidated
by a hot isostatic pressing (HIP) process. The discs were separated with NiTi foil and
stacked in a Autoclave hot isostatic press (Model No. 30M). The HIP schedule first
involved twice evacuating the chamber to 3 Pa and purging with 99.999 % pure argon at
room temperature. The chamber was then slightly pressurized with argon to 7 MPa and
heated to 1160 C at approximately 10 K/min. before pressurization to 172 MPa.
Temperature and pressure were maintained for 120 minutes, after which the furnace
cooled to 20 °C under full gas pressure. As the argon was released from the chamber at
20 C, adiabatic expansion caused temperature to drop to -40 °C. The chamber was
heated to 20 "C and the discs were removed.
The formation of an oxidation layer consumed approximately 0.5 mm of the
surface of each disc. This was removed by grinding on a silicon carbide grinding wheel.
Sample Machining
The NiTi discs were wire-cut into tetragonal pieces (Eastern Tool Company,
Sommerville, MA) using EDM methods. Grinding the faces of each test specimen
achieved proper surface finish as well as orthogonality and parallelism. The nominal
dimensions of the samples machined from Batch 1 were 5.0 mm x 5.0 mm x 12.7 mm.
Specimens cut from Batches 2 and 3 measured 5.0 mm x 5.0 mm x 10.0 mm. Flatness on
all faces measured within 5 m of the nominal dimensions, and strictly specified
tolerances ensured orthogonality of the faces to within ±15" of 90°.
A labeling system was devised to identify specimens by batch number, volume
fraction of TiC in the NiTi, sample number, and for some, by the maximum deformation
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they underwent. The identification of and experimental conditions experienced by each
specimen are given in Table 4.2.1.
Before and after each thermal or mechanical treatment, the dimensions of each
specimen were measured for dimensional and volumetric assessments. Specimens
machined from Batch 1 were measured with a Starrett, flat-head micrometer to an
accuracy of 1 m. This technique measured high points of the sample. Dimensions of
specimens from Batches 2 and 3 were obtained with a Mitutoyo digital point-micrometer
to an accuracy of 1 um. Locations at which sample lengths and widths were measured
are shown in Figure 4.2.2. Specimen masses were determined on a Fisher Scientific
Company Gram-atic Balance (Model B5, accurate to t 0.1 mg).
Annealing
To remove residual stresses induced by machining, the samples were annealed in
an 99.9 % argon atmosphere at 930 °C for 60 min. To prevent oxidation, layers of
oxygen-getters shielded the samples. The samples were first wrapped with NiTi foil
(Raychem Corporation) to prevent dissimilar-metal contamination, then encased in a
layer of Ti foil (99.7 % pure, from Johnson Matthey Company). This pouch was then
buried under 99.4 % pure Ti powders (Johnson Matthey Company) in a second envelope
of Ti foil.
A vertical, quenching furnace was heated to 930 C then purged with 99.9 %
argon cover gas at a flow rate of 1 m3/h for 20 min. Annealing took place at 930 °C for
60 min. under argon. Samples were furnace-cooled to 400 °C at an average rate of 4.5
K/min., then removed from the furnace, and air-cooled to room temperature at
approximately 20 K/min. Each specimen was again measured and weighed after cleaning
in an ultrasonic bath.
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Metallography
Metallographic preparation for each of the NiTi-TiC specimens consisted of
cuting on a diamond wheel, mounting, and polishing on SiC paper to 4000 grit/6 Jim.
The polished samples were dipped at room temperature into an etchant of 40% HNO3-
10% HF for approximately 15-20 seconds. Microstructural observations were made
using an optical microscope.
4.3. Mechanical Testing
Compression tests were conducted using two basic systems, one constructed for
high-deformation tests performed at both room temperature and elevated temperatures,
and the other for low-strain experiments at room temperature. With both systems,
specimens were deformed in air between carbide platens (12.7 mm diameter, 3.3 mm
thick) inset into end faces of 416 martensitic steel discs. Figure 4.3.1 provides assembly
details. Fixed in the upper steel disc was a Lucas Schaevitz linear variable displacement
transducer (LVDT, Model MHR 050, linear to ±1.5 mm from zero, 200 *C temperature
capabilities) which measured displacement between the faces of the steel discs. A brass
pedestal held the LVDT core perpendicular to the upper face of the lower push rod as it
slid vertically within the transducer.
Room temperature mechanical deformation to engineering strains less than 3%
were performed on an Instron (Model 1125) with a 90 kN load cell and standard
compression fixtures. The platen assembly described above was mounted between these
compression fixtures. Strains were measured with two strain gages (Measurements
Group, Part No. 062-EA-DN-350, 2.080 gage factor, M-Bond 200 adhesive, 2120
Amplifier) mounted on opposite sides of the specimen. With such a configuration, any
initial unparallelism in the sample or any buckling during the test is canceled by
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averaging the two strain signals. Each gage had a 1.57-mm gage length printed in the
center of the pattern to minimize errors imposed by possible end effects. Data was
acquired by a Macintosh computer using SuperScope software.
The second system, for high-deformation tests at temperatures ranging from room
temperature to 150 °C, utilized an Instron (Model 4206) and 150-kN load cell. Push rods
consisted of 416 martensitic steel rods (5.08 cm diameter, approximately 50 cm long).
Again, the carbide platen assembly was used for these tests.
An Instron air-furnace (Model 3111) was mounted in the Instron test machine for
deformations at elevated temperatures. The push rods entered the furnace and met at the
center of the furnace. Three special-limits-of-error, Teflon-insulated, flexible K-type
thermocouples from Omega measured the temperatures of the specimen and the top and
bottom platens to detect any thermal gradients across the sample. Within the measured
accuracy of ±1.5 K, no gradients were detected. Omega-therm® paste maintained
thermal contact between the thermocouples and the surfaces.
Graphite powder lubricated the specimen-platen interface for improved
deformation homogeneity in all mechanical tests. With the specimen centered between
the carbide platens, the upper push rod was raised at least 2 cm above the specimen to
allow a sufficient gap for thermal expansion in elevated temperature testing. Specimens
were heated at an average rate of 5 K/min. to 20 °C above its zero-stress Af temperature
and held at that temperature for 10 min. to ensure complete transformation from
martensite to austenite. They were then cooled and held at the deformation temperature
for 15 min. before an initial compressive loading of 50 N (2 MPa). All samples were
compression loaded and unloaded with a cross-head speed of 1 um/s.
An Hewlett Packard computer (Model 9888A) and software program, written by
Dr. Daniele Mari [47], acquired and recorded load and LVDT voltage signals in HP-
BDAT format. Data conversion was then performed via ASCII to DOS to Macintosh, in
which format data manipulation and analysis were performed.
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The LVDT calibration factor of 3191.5 mV/mm was determined by linearly
fitting the output voltage signal with core displacements of 10 jim using a Starrett
flathead micrometer. However, compliance in the apparatus due to elastic deformation of
the steel behind the platens translated to greater core displacement than experienced by
the specimen. Thus, further calibration under loading conditions was accomplished by
comparing LVDT displacements to strain gage data, both acquired simultaneously during
the loading of 416 martensitic steel to 35 kN (maximum load used for NiTi specimens).
Calibration data and function fits are presented in Appendix A.
4.4. Dilatometry
Dilatometry experimentation investigates shape memory recovery as a function of
temperature. Following mechanical deformation, each specimen was heated in air in an
Orton Dilatometer (Model No. 15BC-1) to about 275 °C, well above its Af temperature,
and its length dilatation was plotted as a function of temperature on an Omega XY
recorder. The push rod and sample holder consisted of fused silica (quartz) for maximum
accuracy at the temperatures of interest.
Calibration of the Orton LVDT showed a linear relationship of 202 mV/mm over
the ±0.635 mm range of interest.
All springs in the dilatometer head assembly were released, so the force
transmitted through the push rod onto the sample during the test was supplied by the
LVDT core springing onto the push rod. To measure this force, a spring with a measured
spring constant of 0.89 N/mm was used for calibration. The force exerted on the sample
during dilatometry was calculated from the spring contraction by the linear relationship:
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F = -k Ax (4.4.1)
where F force exerted on the specimen by the push rod [N],
k spring constant [N/m], and
Ax spring contraction [m].
This force was calculated to be 0.98 N, corresponding to a stress of approximately 0.039
MPa over the 25 mm2 area of the NiTi specimens.
An R.I. Controls Quad Elliptical Radiant Heating Chamber (Model E4-16PA)
furnace thermally cycled the samples from 200 C to about 2750C to 200 C at heating and
cooling rates of 1 K/min. For thermal homogeneity, a 5.4-cm OD/1-mm thick copper
tube was inserted through the furnace cavity over the sample to absorb the pulses of
radiant energy emitted by the furnace and surround the sample with heated air. All gaps
by which heat could escape from inside or outside of the copper tube were plugged with
alumina-fiber insulation.
Special limits-of-error thermocouples, accurate to +1.5 K (from Omega), were
used for measuring specimen temperature and for controlling power input to the furnace.
The controlling thermocouple was placed outside of the copper tube for rapid response
and optimal control of heating and cooling rates. Due to the unpredictable lag between
the controlling thermocouple and inside temperature, maximum temperature experienced
by the sample varied. The heating rate was, however, consistent and equal to 1 K/min.
Thermal expansion of 6061-T6 aluminum was used to test the system. Its CTE
between 20 *C and 300 C was found to be 25.4 10-6 K-l1, which compares well with a
value of 25.7 10.6 K-l1 for 99.95 % pure aluminum given by Gmelin's Handbook [48].
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5. Results
5.1. Densification
Full densifications of the NiTi-TiC composites were calculated by Rule of
Mixtures to yield 6.45 g/cm3, 6.30 g/cm3, and 6.15 g/cm3 for NiTi-0, 10, and 20 vol.%
TiC, assuming a density for NiTi of 6.45 g/cm3 [44] and 4.93 g/cm3 for TiC [45]. The
densities of hot-pressed bulk samples, obtained using Archimedes' Principle, were lower
than theoretical densities for all specimens. Density for Batches 2 and 3 were,
respectively, 99.6%, 97.9%, and 93.1% of full density for NiTi-0, 10, and 20 vol.% TiC.
After HIP treatment, these respective disc samples exhibited 99.7%, 99.0%, and 94.2%
densification.
After sample machining, reported densities were based on mass and sample
dimensions. Densities measured on Batch 1 prior to anneal were inaccurate since the
flathead micrometer read high points on the sample resulting from burrs and
unparallelism. Average densifications subsequent to annealing measured 98.6 %, 97.1 %,
and 92.6 %. Batch 2 and Batch 3 composite specimens, which underwent a HIP
treatment after hot-pressing and were measured with a point-micrometer, had respective
average densifications of 99.5 %, 98.9 %, and 90.8 % for NiTi-0, 10, and 20 vol.% TiC
before annealing. Post-anneal average densifications were 99.4 %, 98.8 %, and 90.6 %,
respectively. Table 5.1.1 lists the final densities and densification for each test specimen.
Metallography micrographs given in Figures 5.1.1 through 5.1.4 show internal
porosity as the cause of low density.
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5.2. Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) experiments detect phase
transformations by measuring the heat capacity during thermal cycles. Based on the
resulting enthalpy versus temperature plots, transformation temperatures are defined at
the intersection of the baseline with the steepest tangents of the endothermic or
exothermic peak associated with the transformation.
NiTi-TiC composites used for high temperature deformation (Batch 1) underwent
phase transformation in the temperature ranges listed in Table 5.2.1. In general,
martensite, M, transforms to austenite, , on heating near 95 C, and the reverse
austenite-to-martensite transformation takes place on cooling near 70 *C [49].
Figures 5.2.1 through 5.2.6 show DSC plots obtained for Batches 2 and 3 which
were used for room temperature mechanical deformation and dilatometry tests.
Transformation temperatures are listed in Table 5.2.2 with additional data on peak
transformation temperatures and on initial and final baseline deviations.
5.3. Mechanical Behavior
Data Corrections
Although the effect of porosity on the transformation behavior of shape memory
NiTi is not fully understood, the presence of pores within the material reduced the
effective load-bearing area of the specimens during compressive deformation. To a first
approximation, therefore, engineering stresses presented in this section were adjusted for
this area reduction by:
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P ptheoretical
o=* (5.3.1)Ameasured pmeasured
where
a engineering stress [Pa],
P - appliedload [N],
Ameasured a specimen area as calculated by micrometer
measurements [m2],
Ptheoretical - theoretical material density [kg/m 3], and
Pmeasured - material density measured by micrometer [gg/m3].
Reported engineering strain values were also corrected to account for compliance
in the platen system. LVDT versus strain gage data collected simultaneously during the
unloading of a rectilinear 416 martensitic steel sample show a compliance fitting the
relationship:
Alcompliance = -0.00015779 + 2.24e-05 P - 1.9646e-08 P 2 + 1.282e-1 1P 3
- 3.8277e-15 P4 + 7.8352e-19 P 5 - 9.4966e-23 P 6
+ 6.2643e-27 P7 -1.7303e-31 P 8
(5.3.2)
where
Alcompliance excess displacement measured by the LVDT
versus strain gages [mm], and
P l applied load [lbf].
Alcompliance was subtracted from LVDT data to calculate engineering strains. Appendix
A provides verification of the calibration fit between strain gage and LVDT data.
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Notations and Definitions for Characterization of Mechanical Behavior
Mechanical deformation of materials can be characterized and compared by
analyzing its engineering stress versus engineering strain behavior. A typical stress-strain
curve for compression-tested shape memory NiTi is shown in Figure 5.3.1, where both
stress and strain are plotted as positive values. To facilitate further discussion, notations
and nomenclature used throughout the remainder of the text is defined according to
Figure 5.3.1.
NiTi phases are identified by the following notations. M refers to the martensitic
phase in the annealed condition. Its grains are plate-like and in a random configuration.
The austenitic phase is denoted by P5. Stress-induced martensite, M', whether formed
from M or B, is comprised of martensitic grains which have been aligned in a stiff
direction so as to accommodate higher applied stresses.
It has been well established that changes in slopes of mechanical stress-strain
curves of NiTi mark changes in deformation mechanisms [17]. Although several
mechanisms simultaneously contribute to strain at any given point on the NiTi curve,
dominant means of deformation can be separated into regions of different slopes, as
shown in Figure 5.3.1. On loading, apparent elastic deformation of the initial structure is
represented in Region A. The strong decrease in slope in Region B indicates massive
deformation by (M --, M') stress-induced reorientation or ( - M') transformation,
depending on the initial structure. In Region C, elastic deformation of reoriented
martensite, M', is evidenced by the slope increase. Plastic deformation by slip becomes
the dominant means of deformation in Region D. Finally, on unloading in Region E,
elastic recovery and some reversion of reoriented M' are responsible for strain recovery.
Characterization of mechanical deformation requires further definitions
quantifying the slopes and end-points of the aforementioned regions to assess rates and
bounds of these deformation mechanisms. The nomenclature, definitions, and criteria for
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determining these quantitative parameters are listed in Table 5.3.1 and refer to Figure
5.3.1. The term "parameter" is used since these values are not material properties in the
true sense, but may be highly dependent on the chemical, thermal, and mechanical history
of the material.
Effect of Thermal Variations on Mechanical Transformation Behavior
To observe the relationship between mechanical and chemical stabilities of the
NiTi-TiC composites, isothermal compression tests were conducted at temperatures both
within and outside the thermal transformation hysteresis. The initial phase of the matrix
prior to stress application governed the transformations induced by applied stress and
thus, the mechanical behavior observed during deformation.
NiTi-TiC composites mechanically tested at Td = (Af + 5 K) after cooling from
(Af + 20 K), were completely austenitic and chemically stable in the unstressed condition.
Figure 5.3.2 shows the stress-strain behavior of these materials.
After being heated to a fully austenitic state at (Af + 20 K) then cooled to the
deformation temperature Td = (Ms + 5 K), the NiTi-TiC composites are austenitic prior to
deformation. Austenite at this temperature, however, is metastable. Since (Ms + 5 K)
lies below As, any martenstie which forms via stress-induced transformation is stable and
is not expected to revert to austenite unless reheated into the austenitic temperature
regime. To test the stability of austenite at this temperature, NiTi composites were
deformed, yielding the stress-strain plots given in Figure 5.3.3.
Finally, NiTi-TiC composites deformed at room temperature, far below Mf, were
completely martensitic at the start of deformation. Figure 5.3.4 displays the mechanical
behavior on the stable martensitic NiTi-TiC composites.
Mechanical properties for experiments conducted at (Af + 5 K), (Ms + 5 K), and
room temperature on composites NiTi-0, 10, and 20 vol.% are listed in Tables 5.3.2,
5.3.3, and 5.3.4, respectively.
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Effect of Mechanical Transformation Behavior on Mechanical Strain Recovery
NiTi-TiC composites were mechanically deformed in compression at room
temperature to a series of strain values to investigate the effect of prestrain on both
mechanical unloading behavior and thermal recovery. Identification of test specimens for
these tests is given in Section 4.1.1 and listed in Table 4.1.1. Master loading stress-strain
curves of the three composites, deformed to approximately 9 % strain, are shown in
Figure 5.3.5. The superposition of the entire series of mechanical plots for each NiTi-0,
10, and 20 vol.% TiC composite in shown Figures 5.3.6, 5.3.7, and 5.3.8.
Each composite was characterized by mechanical properties defined in Table
5.3.1 and Figure 5.3.1. Since strain gage measurements below the 3% strain capacity
were more reliable than those collected from the LVDT, initial loading and low-strain
unloading behaviors were quantified according to strain-gage data. Loading analyses
were conducted on the tests performed to approximately 9 % strain, and high-strain
unloading properties were also based on LVDT data. Table 5.3.5 lists the mechanical
loading and unloading characteristics of the NiTi-TiC composites.
5.4. Thermal Strain Recovery
Dilatometry experiments determined the expansion and/or contraction of the
specimen as a function of sample temperature during a complete cycle from 20 °C to
2750C to 20 °C at 1 K/min. By this technique, strain recovery was measured over the full
range of temperatures, allowing evaluation of thermal expansion, transformation
temperatures, and extents of recovery.
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Data Correction
Dilatometry experiments were first performed on undeformed samples to
characterize both thermal expansion and "randomized transformation" behavior. The
term "randomized transformation" refers to the transformation occurring between the
completely randomized martensitic and austenitic phases. After subtracting the quartz
expansion of 0.5 10-6 K-1 [45] from raw data, thermal expansion of the composites in
their fully martensitic and fully austenitic phases were quantified in the temperature
regions straddling transformation. Coefficients of thermal expansion (CTE) determined
by this experiment are given in Table 5.4.1. Values averaged 8.5 10-6 K- 1, 7.9 10-6 K- 1,
and 8.3 10-6 K-1 for the martensitic NiTi-0, 10, and 20 vol.% TiC materials, respectively;
and 12.1 10-6 K- 1, 11.8 10-6 K- 1, and 11.3 10-6 K- 1 for the high-temperature austenitic
NiTi-0, 10, and 20 vol.% TiC, respectively.
For experiments on mechanically deformed samples, maximum specimen
temperature at the end of heating was 300±25 K, so cooling data were adjusted to
compare cooling behaviors based on a maximum temperature of 275 °C. The cooling
curve was shifted so that the sample length at 275 °C on cooling was equal to that at 275
°C on heating.
In recovery experiments conducted on deformed specimens, both quartz
expansion and the CTE of the material (as measured in its undeformed state), were
subtracted from raw dilatation data. Complications arose in the transformation region
due to the coexistence of the two NiTi phases with CTE's differing by approximately
4.-10-6 K-1 and contributing different extents of thermal expansion. A method was
established to determine, at a given temperature, the relative presence of each phases,
which is equivalent to the extent of the (M' -. 3) transformation and also by definition, to
the extent of recovery, R, where:
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R Ara 100 [] (5.3.3)
Almax
where R - extent of recovery and extent of transformation [%],
Alsf = length recovered due to transformation or recovery [m],
Almax total length recoverable as governed by mechanical
unloading [m]
= L- Lo', (5.3.4)
Lo - length of undeformed sample [m], and
Lo' = length of deformed sample [mi].
Graphical definitions and further details are described in Appendix B.
From the derived length recovered by transformation, dilatation was normalized
to adjust for slight variations in initial sample lengths, Lo, by calculating transformation
stain:
etransf l ·100 (5.4.5)
Lo
etrasf m transformation/recovery strain [%].
Recovery, R is used to compare the recovery capabilities between specimens with
different prestrains and therefore, different degrees of recoverable strains. Results
presented in this section are plots of specimen strain, etransf, versus temperature and
recovery, R versus temperature.
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Notation and Definitions for Dilatometry Characterization
As with the mechanical experimental plots, nomenclature is established and
defined. During thermal recovery, the deformed martensitic structure, M' is transformed
into randomly-oriented austenite, , by the (M' P-* ) transformation. Upon subsequent
cooling, the P reverts to martensite. However, due to previously imposed deformation,
the material does not recover its fully-annealed, random grain structure. This martensitic
structure obtained as a result of the first thermal recovery cycle is referred to as M".
Figure 5.4.1 illustrates a typical dilatometry plot of specimen strain due to
transformation (or extent of recovery, R) as a function of temperature. Various regions
and dilatometric quantities were defined and measured to characterize recovery behavior.
Regions are marked by slope changes and represent the occurrence of various
transformation behaviors. During initial heating in Region 1, some early strain recovery
is evident by the slight increase in strain with temperature. Main recovery by the (M' -
1) transformation occurs in Region 2, and final recovery is represented in Region 3. On
cooling from 275 °C, the material does not show much recovery in Region 4, and near 70
°C, transformation ( - M") takes place, denoting Region 5.
Each of these regions of varying extents of transformation were evaluated by rates
and extents, as measured from slopes and endpoints. Table 5.4.1 lists nomenclature,
graphical criteria, and definitions for these quantities.
Effect of Mechanical Transformation Behavior on Thermal Strain Recovery,
Dilatometric experiments were performed on the NiTi-TiC composite specimens
deformed at room-temperature and presented in Section 5.3.3. The thermal strain
recovery behavior, therefore, can be linked directly to the previous mechanical history.
Point-micrometer strain measurements after mechanical cycling and prior to
dilatometry systematically gave lower strains by 0.5% than the corresponding strains data
gathered by the LVDT. This difference could be due to inhomogeneous deformations
caused by end-effects, errors in micrometer measuring technique, or even initial thermal
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recovery as heat transferred from fingertips during specimen measurement may have
started transformation. Dilatometry verifies initiation of thermal recovery at 37 C.
Specimen strain at the start of dilatometry experiments were defined by micrometer
measurements and are listed in Table 5.4.4.
A complete matrix of results show the effects of prestrain on the heating recovery
of each composite and the effects of composite reinforcement on thermal recovery for a
given prestrain. Thus, heating dilatometry results consist of the four sets of dilatometry
plots shown in Figures 5.4.2 through 5.4.17, as outlined in Table 5.4.3.
A typical recovery cooling curve is described in Figure 5.4.18. Thermal recovery
curves on cooling are presented in Figures 5.4.19 through 5.4.21 in a different fashion
due to the complexity of the reverse transformation ( -- M"). Specimen strains were
adjusted to emanate from 0 % strain at 100 C to show relative strain changes and
dilatometric evolutions of the ( - M") transformation with increasing prestrains.
Quantitative analyses of recovery rates, strains, and extent of recovery at each
prestrain 0, 1, 2, 3, 6, and 9 % of NiTi-0, 10, and 20 vol.% TiC composites are
summarized in Table 5.4.5.
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6. Discussion
6.1. Densification
Full densification of final test specimens was not achieved in any of the NiTi-TiC
composites. Density measurements taken at various stages in the fabrication process
show various volumetric changes and consolidation effectiveness as a result of the
imposed processing and heat treatments.
At the hot pressing stage, compaction was most effective for NiTi-0 vol.% TiC,
which attained 99.6 % of theoretical density, and densification decreased with increasing
volume fractions of TiC. Such trends are expected since composites densify at a slower
rate than unreinforced materials [50]. The HIP procedure improved densification only
slightly -- 0.1%, 1.1%, and 1.1% for NiTi-0, 10, and 20 vol.% TiC, respectively, as
measured by water displacement. Errors were involved in using Archimedes' Principle
since air bubbles on the rough surface of the discs cause low readings for mwire&sample
(Eqn. 4.1.1) and should have resulted in a lower-bound for density.
After machining the test specimens, density measurements based on geometrical
measurements of the volume yield lower densities than the bulk discs. This discrepancy
is probably due to differences in technique and to absence of oxide in the machined
samples.
Annealing systematically increased specimen volume, as measured by the point-
micrometer, thereby lowering the densities of all specimens. During machining, high
temperatures may develop locally, possibly inducing the austenitic phase. Surface
grinding may also impose residual compressive strains on the specimen, thereby
stabilizing some austenite. Analyses conducted by Hsu [25] show density increases of
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volumetric increases, AV/V, of 0.188 % as a result of the austenite to martensite
transformation.
In all processing batches, densification was the highest for the unreinforced NiTi
and decreased with increasing volume fractions of TiC, Vf,TiC. The average
densifications of the tested samples were 99.4 %, 98.8 %, and 90.6 % in the NiTi-0, 10,
and 20 vol.% TiC composites. Metallography micrographs of etched NiTi-0 vol.% TiC
Figure 5.1.1, shows full consolidation. Preferential etching at the prior powder surface
indicates slight surface contamination of the powders prior to pressing. A fine,
submicroscopic structure can also be seen and may correspond to the martensitic
platelets.
Figures 5.1.2 and 5.1.3 of etched NiTi-10 vol.% TiC show an unreacted, pore-free
interface between the matrix and the particles, and show porosity within the TiC particles.
No porosity is visible in the matrix. Uniform dispersion of the 10 vol.% TiC in the NiTi
matrix is displayed in Figure 5.1.3. Additional porosity in the NiTi matrix near the TiC
in the NiTi-20 vol.% TiC specimen, shown in Figure 5.1.4, justifies the much lower
density of this composite compared to the NiTi-10 vol.% TiC material. When processing
composites by powder metallurgy, second-phase particles obstructed flow of the matrix
during compaction, forming voids around the TiC. In this figure, particle pull-out during
metallography preparation explains the high apparent porosity. Good distribution of TiC
was also observed in the NiTi-20 vol.% TiC specimen.
Reported mechanical stress values account for the reduced cross-sectional area,
However, since the some of the NiTi matrix pores were found surrounding the particles,
less composite strengthening and stiffening may be expected by the 20 % TiC reinforced
composite. Matrix porosity may also enhance transformational behavior, both upon
mechanical loading and thermal recovery, for two reasons. Additional surface area at the
pore sites may provide unconstrained transformation, and stress concentrations may also
induce transformation at reduced stresses. Observations by Martynova, et al. showed
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little effects of porosity on NiTi specimens containing 30-50 % pores. These effects of
porosity in this investigation are, thus, assumed to be negligible compared to the large
differences in transformation behavior observed in NiTi-0 and 10 vol.% TiC, which have
nearly full densification.
6.2. Differential Scanning Calorimetry (DSC)
On both heating and cooling cycles, DSC yielded nearly equivalent
transformation temperatures for NiTi-O vol.% TiC processed in Batch 1 and in Batches 2
and 3. NiTi-10 and 20 vol.% TiC, however, exhibited consistently higher temperatures
for Batch 1 than those determined in Batches 2 and 3, for which DSC ramp rates were 3
K/min. and 1 K/min., respectively. Results by Mari and Dunand [unpublished] on
transformation behavior of similar samples ramped at 20 K/min. show an even larger shift
in the hysteresis temperatures for NiTi-TiC specimens.
A possible explanation is that lower heating rates minimize thermal gradients
through the material by maintaining near-equilibrium conditions. Discrepancy between
experiments could also be attributed to differences in processing batches.
6.3. Mechanical Behavior - Compressive Deformation
6.3.1. Composite Effects Assuming a Non-Transforming NiTI Matrix
The effect of high-strength, high-stiffness reinforcement particles in a ductile,
non-transforming material include increased elastic modulus, greater yield and ultimate
stress, and higher work hardening rate, do/de. The self-consistent model by Hashin and
Shtrikman [51] predicts the composite moduli to be between 81 GPa and 94 GPa for
NiTi-10 vol.% TiC and between 95 GPa and 122 GPa for NiTi-20 vol.% TiC based on
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the measured elastic modulus of bulk NiTi (Eload = 68.3 GPa), a Poisson's ratio for NiTi
of v = 0.43, and an elastic modulus and Poisson's ratio for TiC of E = 449 GPa and v =
0.191 [Chang, 1966 #176].
63.2. Composite Effects on the Thermoelastically Transforming NiTi
Due to the thermoelastic nature of NiTi, however, relatively low stresses are
sufficient to induce stress-assisted transformation, so typical composite strengthening and
stiffening expectations may not be valid.
Mechanical behavior of NiTi-TiC composite materials is dictated by the basic
thermodynamic principle that the system will evolve toward a state of minimal free
energy. For thermoelastically behaving NiTi, an equilibrium exists between chemical
free energy and strain energy, and the austenite-martensite transformation is governed by
the Clausius Clapeyron relationship given in Equation 3.3.1. Phase transformations, thus,
can be induced by either stress or heat.
For example, under isothermal conditions above the Af temperature, the austenitic
NiTi phase is chemically stable. Applied stress, however, can drive a martensitic
transformation to lower the strain energy of the material. With increasing temperature
excursions above Af, the increasingly positive chemical energy necessitates higher
stresses, tr,s, to induce transformation [9]. At higher stresses, other mechanical
deformation mechanisms such as dislocation glide gain importance and affect the
physical and transformation behavior of the material.
Under mechanical loading conditions, the free energy of the sample can be
reduced by several deformation mechanisms, each of which is activated at a certain
threshold stress. Mechanisms include elastic deformation of existing phases; plastic slip
of each phase whereby dislocations are generated and forced into motion; phase
transformations; and martensitic variant reorientation to a stiffer grain structure by
twinning.
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The reversibility of the deformation, indicated by strain recovery upon removal of
stress, depends upon each mechanism's capability to release energy in returning to its
original state. Plastic deformation, for instance, is completely irreversible and causes
permanent strain retention. Conversely, elastic energy stored in the lattice is fully
recoverable on unloading. Stress-induced martensitic transformation in alloys exhibiting
pseudoelasticity may revert from its martensitic to austenitic phase on unloading, entirely
recovering its strain. The two-way shape memory effect (TWSME) recalls strains
existing in austenitic and martensitic phases, thus, thermal cycling alone causes
dimensional changes
Shape memory alloy NiTi requires a thermal excursion above the Af temperature
to recover residual strains upon unloading. Its crystallographic reversibility and the
extent of strain recovery, R, are dictated by both elastic stresses and plastic strains within
the NiTi matrix or stored in the TiC particles, as described in what follows.
Elastic Stresses
Thermal and elastic mismatches between NiTi and TiC create internal stresses in
the composites, affecting its transformation behavior. The material stores elastic stresses
until reaching either the threshold stress for NiTi reorientation/transformation, Creor,s or
ors, or plastic yield, whereby the activated mechanism accommodates further stresses.
Although TiC has greater capacity for elastic storage, its presence accelerates slip by
generating dislocations at areas of high localized stresses, and by promoting dislocation
entanglement. While dislocations irreversibly alter the matrix, stress fields associated
with dislocations also create elastic stresses which promote transformation and thus,
reversibility.
Stored elastic stresses tend to enhance stress-induced transformation and recovery
in NiTi by locally supplying additional strain energy. Therefore, the material requires a
smaller applied stress or smaller superheating and undercooling to mechanically or
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thermally undergo transformation. Evidences of elastic stresses assisting transformation
would appear as lower Oreor,s or otr,s in mechanical testing, or lower A s and higher Ms
temperatures in dilatometry experiments.
Storage of internal stresses in the material may also promote the two-way shape
memory effect (TWSME) in NiTi.
Plastic Strains
Plastic strains caused by dislocation slip have several effects on the reversibility
of the NiTi martensitic reorientation and transformation behaviors. These effects depend
on the conditions under which certain deformation mechanisms are activated.
If the threshold stress for the onset of reorientation/transformation of the initial
structure, creor,s or otr,s, is lower than that for slip, upon exceeding oreor,s or otr,s, the
material will begin to reorient/transform by coalescence of variants to an aligned
martensitic structure M'. According to Rozner and Wasilewski [21], M' structure is
characterized by high stiffness and high plastic yield and is formed to support the higher
loads.
Assuming that this transition occurs over a range of stresses and that the plastic
yield stress of the material lies above this range, the initial NiTi structure
reorients/transforms to M' without interference from dislocation debris. If this product is
unloaded in the absence of plastic yielding, strain recovery is completely reversible,
either directly upon unloading if Td > Af and the NiTi is Ni-rich (pseudoelasticity, -
M' - ), or upon unloading and reheating to Td > Af (shape memory effect, M -- M'
1 -M").
At the other extreme, if the threshold stress for dislocation slip, of the initial NiTi
structure is less than Oreor,s or 0 tr,s, plastic yield commands deformation. Dislocation
motion and entanglement strain-harden the material, creating physical resistance and
obstruction to reorienting/transforming variants, inhibiting and sometimes completely
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suppressing stress-induced transition. The stress-strain relationship would resemble that
of non-transforming materials, with continually decreasing strain hardening rate, do/de,
beyond the plastic yield point. Composite stiffening and strengthening, as described in
Section 6.3.1, would be expected.
If, however, the plastic yield stress of the initial structure lies within the Greor,s or
ctr stress range, deformation via formation of stiff M' is expected until dislocation motion
is initiated on plastic yielding. The increased dominance of slip during main
reorientation/transformation then makes the formation of M' increasingly difficult and
ultimately limits the extent of the transition. In a study on CuZnAl shape memory alloys,
Zhang et al. [52] attributes this decrease in the extent of transformation to increased
interfacial friction. The smaller proportion of M' in the resulting mixture of (M + M') or
({ + M') structures, thus, contributes less to the overall stiffness of the material. In
addition, correspondingly larger volume fractions of the more compliant M or {5 phases
override the stiffening effect of the reinforcement since these phases may continue to
reorient/transform and are also more susceptible to plastic deformation. Wasilewski [19]
also realized that plastic deformation of the parent structure continues at stresses beyond
its plastic yield stress. These combined effects associated with reduced formation of M'
yields lower stiffness and strength as quantified by EM and orp, respectively.
Dislocation presence also stabilizes the M' product and prevents reversion to its
original configuration. This lowers the extent of recovery, R, and provides increasing
potential for the biased behavior of the two-way shape memory effect. Such effects were
observed by numerous authors [15], [19], [30].
The mechanically compressed NiTi-TiC composites presented in this research
consisted of different initial structures and experienced various phase transitions
depending on deformation temperature and maximum strains. Yet, deformation and
dilatometric behavior can be completely explained by the effects of elastic stresses and
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plastic strains described above. These effects form the basis of the discussion that
follows.
6.3.3. Effects of Thermal Variations on Mechanical Transformation Behavior
The NiTi phase and its thermal stability at the onset of isothermal mechanical
compression were defined by the deformation temperature, Td, and this temperature with
respect to the transformation hysteresis. NiTi-TiC composites were tested at Td=(Af + 5
K) and (Ms + 5 K), after cooling from (Af + 20 K), and at room temperature, where the
respective initial phases are stable austenite, metastable austenite, and stable martensite,
respectively.
Td = (Af + 5 K)
Compression behavior for the NiTi-TiC composites when deformed at Td = (Af +
5 K) were relatively similar, as summarized in Figure 5.3.2 and Table 5.3.2. All NiTi-
TiC composites consisted of the stable austenitic NiTi phase, as insured by overheating to
20 K above Af prior to cooling to Td and deformation. Although the transition between
Regions A and B on the stress-strain plots may be explained by plastic deformation, the
upward curvature near 4%-strain marks a change in deformation mechanism, thus
supporting stress-induced ( - M') transformation as the deformation mechanism in
Region B. Curvature in the loading and unloading elastic moduli is further evidence of
pre-transformation and initial reversion, respectively. Both of these behaviors, which are
not observed in non-transforming materials, are characteristic of shape memory alloys.
Curvature in the otherwise linear elastic Regions A and E is caused by instability
of a few variants which relieve strain energy by transforming, as evidenced by in
increased strain contribution. Composite-stiffening by the TiC justifies the higher moduli
measured for reinforced NiTi, compared to unreinforced NiTi. The lower apparent
modulus of the NiTi-20 vol.% TiC compared to that of the NiTi-10 vol.% TiC material
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suggests enhanced transformation and greater influence of elastic stresses caused by TiC.
Numerical measurements are very approximate due to the lack of data for small strains.
Plastic deformation appears during transformation in Region B. Increasing
do/detr slopes with increasing volume fractions of TiC, Vf,TiC, imply more pronounced
obstruction to transformation.
The stress-induced martensitic structure produced in these tests is undefined.
However, since martensite variants are known to align in an M' configuration to minimize
strain energy, the M' structure is expected, as it is in all other NiTi
reorientations/transformation [19]. Strain recovery by heating above the Af temperature
of the deformed martensite would verify M' formation.
Austenitic NiTi in which stress-induced M' is formed have exhibited
pseudoelasticity on unloading [9]. No such pseudoelastic recovery (M' -f) is observed
in these samples for two possible reasons. Dilatometry results presented in Table 5.4.6
show that deformations to 6 % strain raise As temperatures necessary for main recovery
by 14 K, 12 K, and 6 K above its zero deformation Af temperature for NiTi-0, 10, and 20
vol.% TiC, respectively. Therefore, at (Af + 5 K), massive strain recovery upon
unloading by the (M' -* 3) reversion was not possible. In addition, pseudoelasticity
usually requires a Ni-rich matrix in which coherent Ni-rich precipitates form, stabilizing
the austenitic phase [9]. The NiTi-TiC composites did not possess such precipitates.
Based on these observations, the anelastic recovery displayed on unloading is assumed to
be due to partial (M' -- M) reversion. In any case, the presence of anelastic strains gives
credence to the hypothesis that M' is formed in Region B.
In summary, mechanical behavior of NiTi-TiC composites deformed at (Af + 5 K)
exhibit some stiffening due to the presence of TiC. Composite stiffening in the NiTi-20
vol.% TiC specimens, however, were counteracted by early transformation at low
stresses. A small strengthening effect resulting from the TiC was also observed.
Increasing volume fractions of TiC appeared to hinder (i - M') transformation, as
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evidenced by increasing slopes in Region B. No difference in anelastic recovery was
observed between composites, implying a relatively similar state of the material on
unloading.
Td = (Ms + 5 K)
Austenitic NiTi cooled from (Af + 20 K) to just above the temperature required
for the ( -- M) transformation is metastable under zero-stress conditions. Stress-strain
behaviors of NiTi-TiC composites compressed at Td = (Ms + 5 K) are provided in Figure
53.3 and summarized in Table 5.3.3.
Although loading moduli and pre-transformation behavior could not be assessed
with accuracy, ctr,s values were defined by 0.2 % offset of the corresponding (Af + 5 K)
austenitic modulus. Indeed, the Otr,s analysis yields relatively low transformation
threshold stresses of 66 MPa, 76 MPa, and 109 MPa for NiTi-0, 10, and 20 vol.% TiC,
respectively. These low otrs stresses are much lower than the 350 MPa necessary for the
([ --* M') transition at Td = (Af + 5 K), thus revealing high austenitic phase instability.
Increasingly metastable structure with temperatures approaching the Ms temperature
was also observed by Miyazaki et al. [9]. Since (Ms + 5 K) test conditions were near the
( -- M) transformation temperature, the austenite was increasingly metastable, and little
strain energy is sufficient to overcome the small chemical energy barrier.
Analysis of tr,s analysis clearly shows increasing transformation threshold
stresses with increasing Vf,TiC. Again, composite strengthening is responsible for this
behavior. As for composite strengthening in systems where slip is responsible for
deformation, it can be expected that the effect is due to load partition between the
reinforcement and the matrix. To the best of knowledge, this is the first time that
composite strengthening in a transforming system has been reported.
As deformation continued by ( --, M') phase transformation in Region B, higher
dao/detr slopes for composites with increasing Vf,TiC attest to greater transformation
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difficulty which is hypothesized to be due to a stronger effect of dislocation slip.
Transformation limitations caused by plastic yielding of the initial phase can be
somewhat quantified by the strains accumulated in Region B, Aetr, which decreases with
increasing volume fraction. As shown in Table 5.3.1, Aetr is 3.43 %, 2.50 %, and 1.98 %
for NiTi-O, 10, and 20 vol.% TiC, respectively. Although the NiTi-10 and 20 vol.% TiC
composites had, respectively, 10 % and 20 % less NiTi available for transformation, the
large 27 % and 42 % drops in A etr indicate significant influences due to the presence of
TiC. Assuming, then, that this quantity reflects the relative extents of the transformation,
the drop in Aetr implies less ([3 - M') transformation with increasing Vf,TiC. Smaller
proportions of M' in the NiTi matrix were formed in the composites in Region B.
Lower volume fractions of stiff M' variants formed in the reinforced NiTi-TiC
specimens, thus explain the lower slopes, EM', measured in Region C as well as in the
unloading moduli in Region E.
Plastic yield ultimately dominated deformation in Region D. Based on the
comparison to unreinforced NiTi, the higher ap exhibited by NiTi-10 vol.% TiC can be
explained by composite strengthening influences of the TiC, whereas the lower ap
characteristic of the NiTi-20 vol.% TiC resulted from greater significance of plastic
deformation of the initial structure and the ensuing low strength caused by less M'
formation.
Similar to the unloading behaviors of NiTi-TiC composites deformed at (Af + 5
K), the specimens compressed at (Ms + 5 K) did not exhibit pseudoelastic strain recovery
on unloading. The anelastic recovery behavior of these specimens was also attributed to
(M' - M) reversion and displayed no significant consequence of the TiC affecting
reversion. Anelastic strain recovery of all composites were approximately 0.8 % strain.
The effects of TiC in the metastable NiTi matrix tested at (Ms + 5 K) can be
summarized as follows. Main ( -- M') transformation was activated at much lower atr,s
stresses than that required for transformation in stable austenitic NiTi matrix, and
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composite strengthening resulted in increasingly higher otr,s stresses with increasing TiC
reinforcement. Higher da/detr slopes and lower Aetr obtained in Region B of the stress-
strain curve reveal greater degrees of retained M due to increasing plastic deformation.
Lower EM' and op were observed for the same reason. The presence of TiC, then,
strengthened the austenite by elastic load transfer, but ultimately weakened the material
by preventing transformation to the strong M' structure.
Td = Room Temperature
Two series of room temperature tests were performed on the NiTi-TiC specimens.
The first was conducted on 12.7 mm samples processed in Batch 1 for comparison with
austenite behaviors defined at Td = (Af + 5 K) and (Ms + 5 K). Figure 5.3.4 shows
mechanical responses of the 12.7-mm, room-temperature tested composites.
Prior to deformation at room temperature, the matrix in the NiTi-TiC system
consisted of polycrystalline martensite with a randomly-oriented, plate-like grain
structure consisting of 24 variants, or grain directions. Such randomized configuration is
expected from the hot-press processing which does not orient the grains as other
processes (e.g. extrusion, rolling, etc.) do. When stress is applied to such a structure,
variants coalesce by a twining mechanism, aligning the grains into M' variants to absorb
strain energy and reduce the total energy of the material. The (M -+ M') twinning, thus,
favors one oriented variant, M', at the expense of the random mixture of variants
comprising the M structure. Chemical stability is not altered in this reorientation since
there is no phase transformation.
Except for the distinction in deformation mechanisms between reorientation (M
-- M') and transformation ( -- M'), compression characteristics of stable, martensitic
NiTi-TiC composites were similar to those of the metastable austenitic phase, Figure
5.3.3. Also, similar to pre-transformation observed in loading of stable austenite samples
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shown in Figure 5.2.2, pre-reorientation of the martensite were evident in all composites
by continuous yielding upon loading, i.e. absence of a linear stress-strain region.
The loading moduli of the reinforced, martensitic composites show a virtually
equivalent increase over that of purely martensitic NiTi, thus indicating composite
stiffening with TiC in the martensitic NiTi matrix. The observed 78.1 GPa modulus for
NiTi-10 vol.% TiC is close to the lower bound of 81 GPa predicted by the Hashin and
Shtrikman model [51]; however, the 79.1 GPa observed for NiTi-20 vol.% TiC is much
less than the 95 GPa lower bound predicted by the model.
Several reasons are proposed for this lower modulus in NiTi-20 vol.% TiC.
Porosity associated with TiC, as seen in metallography micrographs given in Figure
5.1.4, may decrease the effect of composite stiffening and may also enhance pre-
reorientation due to additional surface area in the matrix, although studies by Martynova
et al. [30] show insignificant differences in reorientation onset with porosity. Therefore,
elastic stresses associated with the TiC in the NiTi is expected to be responsible for
assisting pre-reorientation.
With increasing Vf,TiC, the loading moduli of these martensitic composites
continued to increase, whereas the unloading moduli exhibited the increasing-then-
decreasing trend observed with increasing Vf,TiC in the austenitic NiTi-TiC composites.
This evidence shows that elastic stresses, which are represented by lower moduli, have
less effect on pre-reorientation than on pre-transformation and anelastic reversion.
Composite strengthening with increasing Vf,TiC in NiTi is also observed in the
deformation of martensitic NiTi-TiC composites, although this effect on Creor,s is small.
The threshold for reorientation, Oreor,s, was 10 % higher for NiTi-TiC composites than
for unreinforced NiTi.
As exhibited by metastable austenite samples, martensitic reorientation in Region
B was hindered by TiC in NiTi, as higher stresses were required to achieve incremental
strain increases, do/dereor. The Ae reor strains attained in this region, 3.70%, 2.82%, and
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2.53% for NiTi- 0, 10, and 20 vol.% TiC, respectively, also reflect greater suppression of
reorientation due to higher degrees of plastic influence.
Following the same reasoning presented for NiTi-TiC specimens tested at (Ms + 5
K), the martensitic composites deformed at room temperature also display lower EM
moduli and lower plastic yield, cp, with increasing TiC content. In fact, the stress-strain
curves of the metastable austenitic and stable martensitic NiTi-TC specimens nearly
superimpose at higher strains, following the formation of the M' structure.
The effect of TiC reinforcement in martensitic NiTi is very similar to the
previously described effects in metastable NiTi. At low stresses, TiC is found to also
stiffen the martensitic NiTi, probably due to load transfer. With higher Vf,TiC,
reorientation is hindered, and at high strains, behaviors of martensitic and metastable
austenitic NiTi-TiC composites merge since both materials consist predominantly of M'.
Mechanical strain recovery on unloading of martensitic NiTi-TiC composites is
discussed in great detail in the following section.
6.3.4. Effects of Mechanical Transformation on Mechanical Strain Recovery
The second series of room-temperature mechanical experiments utilized 10-mm
specimens from Batch 3 to study the effects of stress-induced transformation structures
on mechanical and thermal strain recovery. As shown in Tables 5.3.4 and 5.3.5 and
Figure 5.3.5, discrepancy arose between the loading behaviors of the 12.7-mm and 10-
mm compression specimens. The loading moduli, Eload, of 10-mm specimens based on
highly accurate strain-gage data is nearly twice the values determined for 12.7-mm
specimens for which the low modulus values are probably inaccurate. NiTi-20 vol.% TiC
specimens machined to 10 mm showed distinctly lower strength capabilities beyond the
start of reorientation than their 12.7-mm counterparts. This latter difference is attributed
to different sample lengths and different processing histories. A specimen shear of 1'
was measured for the 9 % deformed samples and serves as an upper bound for error.
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Otherwise, mechanical behaviors of both batches are comparable. Moreover,
superimposed stress-strain plots for the 10-mm specimens prove loading reproducibility
among the NiTi-TiC composite specimens tested in this series of recovery investigations.
The maximum strains to which the NiTi-TiC composites were deformed and the
corresponding position on the stress-strain plots, given in Figures 5.3.6 to 5.3.8, defined
the extent of martensitic reorientation and the prevalence of dislocations unloading. The
resulting elastic and plastic state of the composite material, then dictated the mechanical
strain recovery of each specimen.
The (M -- M') reorientation was initiated at a strain just below 1 % and continued
to strains of 2 % to 3 %. As explained by Funakubo [Shape Memory Alloys], removing
loads in this main transition region interrupts the martensitic reorientation, so the
specimens consist of several partially oriented variants. After 6 % deformation and the
end of the main reorientation, the NiTi comprised of mainly stiff oriented M' variants. At
a strain of 9 %, plastic yield dominated deformation, creating increasingly irreversible
strains in the matrix.
The mechanical histories of the specimens, thus affect the recovery behavior and
are taken into account in the following discussion. To observe trends in mechanical
recovery of the NiTi-TiC composites, unloading properties are plotted, in Figure 6.3.1
through 6.3.5, as a function of the maximum deformation. Lines drawn through data
points on these and subsequent figures in this chapter are not to imply data interpolation,
but are merely intended to make trends visible.
Unloading Modulus
Figure 6.3.1 shows a systematic increase in unloading moduli, Eunload, for all
composites. Mechanical behavior plotted in stress-strain curves reveal continued (M
M') reorientation and increased M' presence with increasing deformation, although after
approximately 7%, plastic yield largely restrained reorientation.
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For nearly each given prestrain, the reinforced NiTi composites show larger
mnoduli than pure NiTi, although the modulus of the NiTi-20 vol.% TiC is lower than that
of the NiTi-10 vol.% TiC. This again verifies the composite stiffening experienced by
both NiTi-10 and 20 vol.% TiC, and the greater influence of pores and/or elastic stresses
assisting reversion in the NiTi-20 vol.% TiC.
The composite stiffening advantage in NiTi-10 and 20 vol.% TiC over
unreinforced NiTi diminished with increasing deformation, as plastic deformation
becomes predominant in the composites. At 9% prestrain, values of Eunload merge for all
composites, suggesting similar structures, and little stiffening by the particulates.
Elastic Strain Recovery
Total mechanical strain recovered on unloading the specimens to zero-stress
consisted of two components -- elastic recovery of the bulk material due to reversible
energy storage in the lattice, Aeel, and anelastic strain recovery, Aean, accumulated as
unstable M' variants revert toward their original, random M configuration. To isolate
elastic and anelastic constituents, analogies were made to the recovery of non-
transforming materials.
A non-transforming bulk material unloads along its linear, elastic modulus, and
elastic recovery is defined by strain recovered on this linear trace to zero stress.
Assuming that the completely reversible elastic relaxation of the bulk NiTi structure is
also dictated by the modulus, Eunload, then elastic strain recovery, Aeel, can be defined
analogously as the difference, (emax - eunload), between the maximum strain, emax, and
the linear extrapolation of the modulus, Eunload, to zero stress, eunload, in Figure 5.3.1.
The anelastic contribution of mechanical strain recovery, Aean, then, is defined as the
additionally recovered strain, (eunload - efnal), recovered via the (M' -- M) reversion.
Figures 6.3.2 and 6.3.3 relate the elastic and anelastic strain recoveries to the
maximum deformation. In Figure 6.3.2, signs of increasing bulk elastic recovery with
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deformation are evident at low prestrains of 1, 2, and 3 %, although little difference exists
between the three NiTi-TiC composite materials. This low-strain behavior implies
relatively similar structures and bulk elastic storage capabilities among the composites.
With higher deformations to 6 % and 9 %, however, elastic recovery of the
composites diverge. Although the pure and 10 vol.% reinforced NiTi materials display
similar behaviors, the elastic recovery of the NiTi-10 vol.% TiC composite material
resulted from the cancellation of two opposite factors. The smaller proportion of M' in
the composite reduced the material's elastic capacity, but TiC additions compensated for
this additional compliance by increasing stiffness.
At higher prestrains, the NiTi-20 vol.% TiC exhibits significantly less elastic
recovery, due to smaller proportions of M' structure in the matrix. Lower elastic recovery
of the NiTi-20 vol.% TiC also may be directly attributed to its low stresses, since Eunoad
behavior are nearly the same.
Anelastic Strain Recovery
Anelastic strains , Aean, are plotted in Figure 6.3.3. Again, at low prestrains of
1%, 2 %, and 3 %, anelastic behaviors between the NiTi-TiC composite materials are
nearly equivalent. In this range, 10 % of total deformation was consistently recovered by
all composites.
With deformations to 6 % and 9 %, however, increasing anelastic contributions
were made with increasing Vf,TiC in NiTi, Figure 6.3.3. Moduli characterization and
Aereor assessments show decreasing formation of M' with increasing Vf,TiC due to greater
accumulation of plastic damage. Analogous to Aereor reflecting the proportion of M'
produced, Lean represents the quantity of M' reversion upon unloading.
Trends show definite increases of anelastic recovery by M' reversion with
increasing Vf,TiC in NiTi. Since decreasing strains were achieved by stress-induced
reorientation, Aereor, on loading, the percentage of M' undergoing reversion relative to the
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volume fraction of M' available for reversion increases significantly with TiC presence.
This relationship is shown in Figure 6.3.4.
Since, as shown above, the increasing strain recovery with increasing Vf,TiC
cannot be attributed by more available M' the greater reversion is justified by higher
instability of the M' structure on removal of stress. As described in Section 6.3.2,
increased of internal elastic stresses in the composite increase the instability of these
variants by supplying additional energy, thereby enhancing transformation behavior in
NiTi.
The effect of elastic stresses in the matrix enhancing transformation is most
apparent in unloading behavior of reoriented structures. This suggests that elastic stresses
developed as a result of reorientation, perhaps caused by mismatch between the TiC and
NiTi as the variants realign. Also, the higher dislocation densities in the composites,
which result from increasing deformations, may generate additional stress fields within
the composites, thus contributing to higher anelastic recovery.
Finally, the total strain recovered during mechanical unloading (elastic plus
anelastic contributions) of the specimens were plotted in Figure 6.3.5. Total mechanical
strain recovery increased with greater prestrains, however, for a given deformation,
increasing Vf,TiC slightly reduced total mechanical recovery, even though the anelastic
recovery is highest for high TiC content.
6.4. Thernnal Behavior - Dilatometry
Thermal recovery mechanisms can be identified and characterized by dilatometry,
as mechanical transformation was characterized by stress-strain curves. Where
deformation mechanisms are mechanically activated on applying stresses above a
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threshold stress, heat activates recovery mechanisms upon reaching transformation
temperatures.
Each NiTi-TiC composite specimen deformed to the prestrain defined in Section
63.4 was subsequently heated by dilatometry to approximately 275 °C at 1 K/min. while
its axial dilatation was measured. Heating the deformed martensitic NiTi structure to
above its Af temperature, induces the austenitic phase transformation. Under zero stress,
austenite transforms to its original, randomized grain configuration to minimizes the free
energy of the material. Such randomizing causes a microstructural and geometrical
reversion toward the NiTi configuration prior to compression, and thus results in a shape
recovery.
As in the discussion regarding mechanical strain recovery, an understanding of
the mechanical history and structure of the material is necessary for realizing the
mechanisms responsible for thermal strain recovery. Mechanical transformation
behaviors may be recalled from Figures 5.3.5 through 5.3.8. The elastic and plastic strain
responses in the material, apply similarly to thermal transformation and recovery. This
discussion continues with an investigation of these effects on the thermal reversibility and
strain recovery behavior of NiTi-TiC composites. Dilatometry nomenclature and plots
referenced in this Chapter were introduced in Section 5.4.
6A.1. Dilatometric Behavior of the "Randomized" Transformation Exhibited by
Undeformed NiTi-TiC Composites
Dilatometry experiments conducted on undeformed NiTi-TiC composites
characterized transformation behavior by dilatational expansions and contractions
undergone during "randomized transformation", a term used here to describe the
alternating random configurations of variants in both phases. Based on dilatometry
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results, thermal expansion coefficients (CTE) of the martensitic and austenitic composite
specimens were measured.
The thermal expansion of bulk TiC is reported by Chang and Graham [46] as crric
= 7.7.10-6 K-1 and values reported for NiTi [25], [24] range between 6.610-6 K-1 for
martensite and 14.9 10-6 K-1 for austenite. In the present study, average CTE values of
8.5 10-6 K- 1, 7.9 10-6 K- 1, and 8.3 10-6 K-1, listed in Table 5.4.1, were measured for the
isotropic martensitic NiTi-0, 10, and 20 vol.% TiC composites, respectively. The
austenitic NiTi-TiC materials had average CTE's of 12.110- 6 K- 1, 11.810- 6 K-1 , and
.1.3 106 K-1, respectively.
Thermal expansion predictions of the reinforced NiTi composite were calculated
based on the material properties of TiC [46] and NiTi [22] and on equations reviewed by
Taya and Arsenault [53] given in Appendix C. Predicted CTE values of the martensitic
NiTi-10 and 20 vol.% TiC were assessed to be 8.410-6 K-1 and 8.3 10-6 K-1 ,
respectively, and that of the austenitic composites were 11.5.10-6 K-1 and 11.0-10-6 K-1 ,
respectively. The CTE values characterized in this study are within +0.5 10-6 K- 1 of the
predicted values, which is the estimated sensitivity of the measurement. They show
slight decreases with Vf,TiC, although the presence of TiC does not have much of an
effect since the thermal expansion behaviors of the matrix and particles are close.
Discrepancies between reported values and this experimental assessment are not
surprising since thermal expansion in thermoelastically behaving NiTi is highly
dependent upon variant orientation as a result of mechanical deformation. Since the
samples examined in the present investigation were hot-pressed and do not show any
preorientation, their behavior is close to the "randomized" case where all possible variant
orientations are represented equally.
Transformation behavior was identified by the sharp departures from linear
thermal expansion regions. As shown in Figure 5.4.5, ( -, M) linear expansions, Al/I, of
7.81 10- 4, 7.40 10-4 , and 7.25 10-4 for NiTi-0, 10, and 20 vol.% TiC were measured on
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cooling between 76 and 53 C. These can be compared to volumetric experiments by
Hsu et al. [25], who reported volume expansion of AV/V = +1.88 10-3 associated with the
([3 - M) transformation which can be translated to linear expansions by Al/i = (AV/V)/3
= +6.3 10- 4 for an isotropic material, as is assumed in the present study.
Decreasing transformation contraction is also observed with increasing Vf,TiC,
and this behavior may be explained by increasing obstruction to transformation by the
TiC particles in the matrix.
Complete transformation was also assumed in dilatometry experiments on
undeformed NiTi-TiC composites. This full transformation is reflected in the 100%
extent of transformation, R, versus temperature relationship shown in Figure 5.4.13.
As and Af values given in Table 5.4.5 show decreasing austenitic transformation
temperatures with increasing Vf,TiC in NiTi. This supports the hypothesis of increasing
transformation enhancement with TiC which are caused by elastic stresses.
The values of As measured by dilatometry are 13 K, 7 K, and 16 K higher than
those determined by DSC in Table 5.2.2, for NiTi-0, 10, and 20 vol.% TiC. However,
dilatometry shows Af temperatures to be only 3 K, 7 K, and 9 K higher than DSC
measurements. Differences in techniques could yield different values, so transformation
temperatures assessed by dilatometry and by DSC are not comparable.
The ( -- M) phase transformations were characterized by volumetric expansions
on cooling between 76 C and 53 C. Contrary to the reduced superheating required to
induce the (M --. ) transformation due to TiC reinforcement, the reverse ( -, M)
transition necessitated increasing undercooling with increasing Vf,TiC. This entire shift in
the transformation hysteresis to lower temperatures is due to TiC presence.
The dilatometry of the randomized transformations occurring in NiTi-TiC
illustrates transformation behaviors of NiTi-TiC composites in the fully-annealed
condition. However, dilatometric behavior of deformed specimens varies dramatically
from that of undeformed material since the (M' -- ) transformation in deformed shape
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memory alloys is characterized by directional strain recovery through variant orientation.
This mechanical effect on the shape-memory strain recovery in NiTi-TiC composites is
discussed in what follows.
6.4.2. Pre-Recovery - Region 1
Immediately upon heating from room temperature, all specimens exhibited
relatively small expansions in Region 1. Such expansions may be partially due to
possible differences in thermal expansion behavior between the M and M' structures and
their relative contributions to expansion, although this effect is expected to be negligible.
Continuous curvature favoring recovery noticed in Region 1 suggests a behavior
analogous to the pre-reorientation and anelastic behavior evidenced in Region A of the
mechanical plots. Instability of the M' variants in NiTi appears as initial thermal recovery
as the M' starts transforming to austenite, P5.
As previously shown by increasing anelastic strain recovery achieved with
increasing Vf,TiC in Figure 6.3.3, greater elastic stresses promote instability of the M'
structure, effectively enhancing pre-recovery in Region 1 in NiTi-TiC composites. For
any given prestrain, pre-recovery starts at lower temperatures with increasing Vf,TiC.
The increasingly diffuse behavior of pre-recovery with increasing Vf,TiC in
Region 1 indicates a larger distribution of elastic stresses which require a larger range of
enthalpic energies to continue transformation. This behavior is represented by increasing
radii of curvature between the initial recovery and main recovery regions.
6.4.3. Main Recovery - Region 2
Initial Austenitic Transformation - As Region
The start temperature of the austenitic transformation, As, was defined by the
intersection of the tangents drawn from the pre-recovery region and from the main-
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recovery region, as shown in Figure 5.4.1. The dependence of A s and the final austenitic
temperature, Af, on composite reinforcements and on prestrains appear in Figure 6.4.1
and 6.4.2, respectively. For all prestrains, main recovery starts at lower temperatures
with increasing Vf,TiC in NiTi. This behavior supports the increased influence of elastic
energy in the composites which, therefore, require less enthalpy to induce massive
recovery.
For each composite, increasing prestrains shift As to higher temperatures,
displaying stabilization of the M' and larger resistance to transformation. Little difference
is exhibited for each material strained to 6 % and 9%, which may indicate a saturation
limit in recovery behavior occurring with significant dislocation presence.
Rate of Main Recovery - de/dTmain, dR/dTnin
The strain rate, de/dTm, and extent of recovery rate, dR/dTain, of main
recovery in Region 2 are correlated to the range of stress distributions in the material and
to the ease of main thermal recovery. These values are plotted respectively in Figures
6.4.3 and 6.4.4. All composites display low main-recovery rates at low and high
deformations, peaking near 6 % strain. At low strains in Region B of stress-strain plots,
the NiTi was undergoing mechanically-induced reorientation, so a wide distribution of
variants were present. This would translate to a larger range of temperatures over which
these different variants revert to austenite, as is observed in dilatometry plots.
By unloading at 6 % strain in Region C after main reorientation, the NiTi-TiC
structure consisted of a higher fraction of the M' variant. This smaller distribution of
variants was reflected by the narrow range of temperatures over which main recovery
took place for the 6 % strained specimens. After 9 % deformation, the accumulation of
dislocation debris increased obstruction to recovery, increased thermal driving force, and
thus, lower recovery rates.
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Composite reinforcement also hindered main recovery. For all prestrains,
de/dTmain and dR/dTmain recovery rates measured in Region 2 decreased with increasing
presence of TiC in the NiTi. Although the NiTi-0 and 10 vol.% TiC behaved similarly,
peaking at strain rates of approximately 0.60 10-2 K-1, the strain rate for main recovery of
NiTi-20 vol.% TiC was at most 0.15 10-2 K-1. This relatively constant behavior of NiTi-
20 vol.% TiC is attributed to the controlling influence of plastic strain throughout the
deformation. Such gradual changes in behavior can also be observed in the mechanical
plots of this composite.
Strains and Extents of Main Recovery
Figures 5.4.2, 3, and 4 display the thermally recovered strains by each NiTi-0, 10,
and 20 vol.% TiC composite. As expected, these superimposed dilatometry plots and
Figure 6.4.5 illustrate increasing strain recovery on heating with increasing deformation
since more prestrain produces more M' variants which are available for thermal reversion
to austenite.
Increasing damage and reduced relative recovery due to increasing prestrains
becomes evident by plotting the extent of recovery, ARmain, which normalized recovery
for different prestrains, Figure 6.4.6. As shown in Figures 5.4.5 through 5.4.9 and
summarized in Figure 6.4.6, ARmin drops when extensive slip took place, near 9 %
deformation. The extent of recovery is also decreased with increasing reinforcement
content.
Final Austenitic Transformation - Af Region
Main recovery is completed at the final austenitic transformation temperature, Af.
Similar to As, increasing prestrains and decreasing VfTiC shifted Af to higher
temperatures, as shown in Figure 6.4.2. The maximum variation in Af between
composites was only 9 K, however, compared to the 23 K differences observed in As.
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Dilatometry plots reveal the transition behavior between main- and post- recovery
as represented by the curving in the vicinity of Af. At low prestrains, similar curvatures
between all samples indicate uniform behavior, indicating that elastic stress which
assisted transformation at As have been relaxed during main recovery.
Lin, et al. [13] also found that cold rolling NiTi stabilizes the martensite structure,
thus requiring higher As and Af temperatures with increasing thickness reduction. Also
reported was the erasure of the stabilization effect after the first recovery. Original
transformation temperatures were restored upon subsequent cooling and further thermal
cycles.
At higher strains, however, the increasing dominance of plastic deformation and
M' stabilization broadens the curvature at Af, whereas the increasing sharpness at As
shows repression of elastic stresses. The larger curves at Af were also bound by lower
slopes in Region 2 and higher slopes in Region 3 (Table 5.4.5), both trends indicative of
increased dislocation presence.
6.4.4. Post-Recovery - Region 3
Post-Recovery Behavior
Suggestions of greater retention of M' variants were also indicated by the
continued transformation throughout post-recovery Region 3 above Af and even at
temperatures 150 K above Af. Evidence of increasing strain recovery were given by
Aelpt and ARpot, and de/dTpost de/dTpost slopes, respectively plotted in Figure 6.4.7
through 6.4.10, which support the hypothesis of extensive retention of M' in NiTi; the
transformation, thus, may be noted as (M' --* + M'). Increasing slopes and increasing
recovery achieved in Region 3 also support the hypothesis of accelerated dislocation
debris induced by TiC and by high deformation.
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Since the post-recovery strains obtained in Region 3 are greatest for high strains
and high Vf,TiC, and since total strain recovery decreases under these conditions, the
contribution of post-recovery to total thermal heating recovery increases.
6.4.5. Maximum Strains and Degrees of Thermal Recovery - eth, Aef, ARth
The end of Region 3 marks the end of the dilatometric heating cycle. Absolute
specimen strain, e, maximum heating strain recovery, Aeth, and extent of thermal
recovery, ARth, were assessed at 275 C and are plotted in Figures 6.4.11 through 6.4.13.
The NiTi-TiC composites tested to 2 % and 3 % deformation achieved 83-85 % of full
recovery, as shown in Figures 6.4.13, even though mechanical data suggests the absence
of significant plastic deformation. The study by Zhang, et al. [29] also showed that NiTi
prepared by normal sintering with densifications of 80-85 % recovered 4.62 % strain
corresponding to 80.6 % of full recovery.
Overall reversibility of strain recovery during dilatometric heating declines with
prestrain and with increasing TiC presence in NiTi. Although elastic stresses initially
enhance pre-recovery, the increasing influence of plastic deformation degrades the
structure, preventing complete reversion to it original configuration. This decrease in
recovery capability with increasing prestrains was also observed by Wasilewski [19].
To investigate the thermal strain recovery relative to the stress-induced M'
reorientation strains achieved in mechanical experimentation, Aeth/Aereor is shown with
respect to initial dilatometric strains in Figure 6.4.14. With increasing deformations, the
composites thermally recovered much more strains when normalized by reorientation
strains, Aeth/Aereor. It should also be noted that the ratio of thermal recovery strains to
reorientation strains exceeded unity. Similar trends were observed by the mechanical
analogy, AeadAereor. Again, this larger capacity for reversion with increasing prestrains
and TiC presence can be explained by the increasing internal elastic stresses stored in the
system and also created by association with increasing dislocations.
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Slow transformation observed during post recovery, however, indicates that
further recovery may still be attainable. Although the first cycle recovers the majority of
the strain, M' variants which remain in the NiTi matrix return to a much lower energy
configuration on cooling. Less driving force and lower temperatures would be required
for (M" -. ) transformation in NiTi on exposure to additional cycles. Johnson et al.
[15] already has shown such additional recovery to be obtained with further thermal
cycling.
6.4.6. Strain Recovery on Cooling and the Effect of Elastic Stresses on the TWSME
Cooling from 275 C to near the Ms martensitic transformation temperature
showed virtually no transformation recovery. Below 100 C, however, interesting
dilatometric behaviors were observed as the austenitic phase transformed into the
martensitic phase.
As discussed in Section 6.4.1, randomized ([3 - M) transformations of
undeformed NiTi-TiC composites due to complete reversion to randomly aligned M
variants are characterized by expansions on the order of 0.07 % strain during cooling.
Cooling transformation behavior of deformed composites gradually deviate from
randomized, undeformed expansion behavior as increasing strain bias caused by the two
way shape memory effect (TWSME) results in increasing contraction.
By this TWSME, elastic stresses cause a biasing of the variants of the deformed
M' configuration, so the crystallographic orientation of each phase, randomly-aligned 
grains and stress-reoriented M', can be "memorized". Thermal cycling through the
transformation hysteresis, thus, is sufficient for reversible strain-cycle the material.
Martensitic transformation temperatures, Ms and Mf were assessed, and
summarized in Figures 6.4.15 and 6.4.16. The large amount of scatter in the points
illustrate relatively similar transformation behavior among the composites. However, a
decreasing trend with increasing prestrain and increasing Vf,TiC can be detected, although
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this decrease becomes less obvious with increasing Vf,TiC, as observed in the 6 % and 9
'% prestrained specimens. Additional supercooling with prestrains and TiC support the
argument of higher dislocation densities.
A sudden contraction occurs in the 6 % and 9 % prestrained composites compared
to that exhibited by the 3 % prestrained specimens. Again, this supports the hypothesis of
high internal stresses associated with the reoriented M' structure which would cause this
TWSME contraction.
Since the TWSME and randomized transformation strains could not be separated,
the accumulated strains associated with the overall (1 -" M") transformation, Aecool,
were determined between 100 C and 25'C and plotted in Figure 6.4.17. At low
prestrains between 0 % and 3 %, increasing TWSME contraction suppressed the
expansion due to randomized ( -- M), and the domination of the TWSME also
increased with Vf,TiC, as shown by the larger contractions experienced by the deformed
NiTi- 10 and 20 vol.% TiC composites versus the NiTi-0 vol.% TiC.
At 6 % deformation, the largest contraction is exhibited by the NiTi-0 vol.% TiC
and decreases with increasing Vf,TiC. However, after 9 % prestrain, although the
unreinforced NiTi contracts by nearly the same strain during transformation, the
composite NiTi specimens show considerably improved TWSME recovery. Such
behavior can be attributed to the elastic stresses stored in the material due to more
dislocations at high strains. Again, as shown in Figure 5.4.18 to 5.4.20, larger
contractions were also observed in NiTi-TiC composites with increasing TiC, implying
enhancement of the TWSME due to TiC reinforcement, even at low strains.
6.4.7. Total Strain Recovery upon First Complete Thermal Cycle
The total strain recovered during the first complete thermal cycle to 275 C,
Aetotalih, is the sum of strains achieved in each region of the dilatometry curve. This
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includes positive strain recovery during heating as IB is formed, as well as positive or
negative strains recovered on cooling as dictated by the prominence of the TWSME.
The assessment of Aetotal th and extents of thermal recovery, ARtotal th,
accumulated after this cycle were plotted in Figures 6.4.18 and 6.4.19. Total strains
increased with increasing deformation, although at a much slower rate for high prestrains.
When normalized for varying prestrains, the extents of thermal recovery decreased with
increasing deformation and Vf,TiC. Even bulk NiTi at low prestrains did not reach full
recovery.
The ultimate strain recovery of each NiTi-TiC specimen tested in a single
mechanical and a subsequent thermal cycle were dictated by the elastic and plastic effects
on the mechanical and thermal transformation natures of the NiTi matrix. Elastic stresses
associated with increasing TiC are observed to enhance recovery during initial heating as
well as the TWSME on cooling. Plastic deformation and dislocations are responsible for
the decreasing extents of recovery with increased prestrains and Vf,TiC due to the
stabilization of the M' variants. Based on the hypotheses and evidences discussed in this
section, conclusions can be drawn as to the elastic and plastic effects on the strain
recovery of NiTi-TiC composites.
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7. Conclusions
Based on the results and discussion presented in the previous chapters, several
conclusions can be made regarding the effects of TiC additions (0, 10, and 20 vol.%) on
the transformation behavior of the NiTi-TiC composite system. Due to the presence of
rigid, non-transforming TiC particles in the NiTi matrix, internal stresses are developed
as a result of three types of mismatches: (i) thermal expansion mismatch, which are
expected to be small since CTE of the NiTi and TiC are similar; (ii) mechanical
mismatch as the matrix and reinforcement materials have large differences in elastic and
plastic properties; and (iii) transformation mismatch due to transformation of the NiTi
which surrounds non-transforming TiC. These mismatches can be accommodated by
elastic or plastic strains in the composite.
Elastic and plastic effects introduced by the TiC have opposite influences on
transformation behavior in the NiTi matrix. Early transformation behavior is enhanced
by elastic internal stresses by lowering the driving force necessary to induce
transformation. On the other hand, plastic deformation tends to inhibit transformation.
Dislocation arrays, however, develop elastic stresses in the matrix which improves the
biasing effect involved in the TWSME.
Composite reinforcement effects are also observed in mechanical compressive
deformation, appearing as higher stiffness and strengths of the initial austenitic,
metastable austenitic, and martensitic structures of the composites compared to those of
the unreinforced NiTi, i.e. load transfer effects expected in non-transforming composites.
Elastic stresses also assist early transformation and reorientation prior to the onset of bulk
transformation behavior. Such elastic stresses lower the apparent modulus of NiTi-20
vol.% TiC versus NiTi-10 vol.% TiC.
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The greater plastic deformation associated with the presence of TiC in the NiTi
matrix, furthermore, inhibits the formation of the oriented martensite variant, M', during
mechanical deformation. As the volume fraction of TiC increases, this is evidenced in
the stress-strain curve by the increasing slope in the transformation/ reorientation region,
the decreasing strains associated with this region, and the lower stiffness and strengths
exhibited by the mixture of M' and the original structure.
Unloading recovery behavior of the NiTi-TiC composites deformed at room
temperature reflects the effects of TiC on the structure of the NiTi matrix. Composite
reinforcement increases initial unloading stiffness compared to unreinforced NiTi.
However, the systematically lower apparent Young's moduli for the NiTi-20 vol.% TiC
compared to that of the NiTi-10 vol.% TiC is in agreement with the hypothesis that larger
amounts of softer M structure exist at the beginning of unloading and that higher degrees
of reversion occur on unloading. This behavior may also be attributed to porosity in the
matrix, although, a large effect is not expected.
The increasing anelastic recovery with increasing TiC supports the presence of
higher elastic stresses in the material associated either with the particles or with the
higher stress fields of the dislocations. In both cases, the reversion from oriented M'
toward a random configuration is enhanced with increasing fractions of TiC, even though
the proportion of M' formed during loading decreased.
Although increasing elastic stresses resulted in greater anelastic recoveries due to
the presence of TiC, none of the NiTi-TiC composites deformed in the stable austenitic
temperature region exhibited massive pseudoelastic strain recovery on unloading,
indicating that the metastable M' structure could not be rendered unstable.
To summarize, early transformation and anelastic reversion are evidence of
increasing elastic effects in the NiTi-TiC composites due to the reinforcement.
Increasing plastic effects also degrade mechanical strengths with increasing prestrains
and TiC volume fractions.
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Thermal recovery by cycling well into the austenitic region also reveals the
presence of elastic and plastic influences on the transformation behavior of the NiTi-TiC
composite system. Again, increasing internal elastic stresses initiates earlier recovery
with increasing TiC reinforcement in the NiTi. A larger distribution of internal stresses is
also observed with TiC presence as the curvature in the region between pre- and main-
recovery. Austenite start and final transformation temperatures, As and Af, decrease with
increasing TiC, tending to narrow the transformation hysteresis.
With increasing deformation, however, plastic effects shift both As and Af to
higher temperatures, indicating a stabilization of the deformed structure, M', and an
inhibition of the martensite to austenite (M' --. P) transformation and thus, recovery. This
increasing stabilization with TiC presence is also represented by decreasing recovery
rates; reduction of the extents of recovery, R on heating; and greater post-recovery
strains.
At low prestrains, the two-way shape memory effect (TWSME) is also improved
by TiC additions. This enhancement of the TWSME may be attributed to the increased
dislocation density even at low prestrains, thus creating more internal elastic stresses and
greater anisotropy in the matrix; or to the storage of elastic energy in the TiC particles
which bias the martensitic transformation to revert to the deformed M' configuration.
However, for 6 % deformation, the suddenly large contraction on cooling is
probably caused by the high volume fraction and stability of the M' structure. Also for
the unreinforced NiTi, the TWSME contraction was greater for 6 % deformation than 9
°%. This can be explained by the larger amount of M' and ensuing greater probability of
preferential M' formation. The contractions experienced by the NiTi-10 and 20 vol.%
TiC continually increased with increasing deformation, indicating greater influences of
elastic stresses associated with TiC.
79
The decreasing extents of recovery, coupled with the TWSME enhancement with
increasing TiC, finally results in decreasing thermal recovery with both prestrain and TiC
reinforcement after one complete thermal cycle between room temperature and 275 'C.
In summary, both elastic stresses and plastic strains influence the transformation
and recovery behavior of NiTi with increasing volume fractions of TiC in the NiTi
matrix. With increasing prestrains, these effects are intensified. Although absolute
strains recovered increase with prestrain for all composites, the extent of recovery
decreased with both increasing TiC fractions and increasing prestrains.
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8. Future Work
The following recommendations are being made for future work in the study of
NiTi-TiC shape memory composites:
* Additional thermal recovery cycling to ascertain completeness of strain recovery from
a single recovery anneal, and to recover additional strains;
* Additional mechanical cycling to train the material and observe its effects on the
TWSME;
* Mechanical and thermal recovery experimentation on porous NiTi material, various
volume fractions and shapes (e.g. fiber, whisker reinforcement), other
reinforcement materials to investigate different composite effects;
* Various thermnomechanical treatments to observe the effects of prestrains, aging,
strengthening, etc. on transformation behavior;
· Tensile tests to study differences in deformation mode;
· Environmental degradation (corrosion) assessment for use in the field;
* Fracture toughness investigations to investigate transformation toughening; and
* Alteration of the chemistry and microstructure of the NiTi to evaluate pseudoelastic
behavior.
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Figure 3.3.1. Difference in mechanical behavior between NiTi deformed in tension and
compression.
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Figure 4.2.1. Schematic representation of vacuum hot-press containment system.
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Figure 4.2.2. Locations of dimensional measurements taken on test specimens from (a)
Batch 1 and (b) Batches 2 and 3.
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Figure 4.3.1. Apparatus for compression tests.
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Figure 5.1.2. Metallography micrograph of etched NiTi-10 vol.% TiC.
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Figure 5.3.1. A typical compression stress-strain curve for shape memory NiTi.
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Figure 5.3.2. Stress-strain relationship for NiTi-TiC composites processed in Batch 1,deformed at Td = (Af + 5 K) on cooling from (Af + 20 K). Initial height = 12.7 mm.
Initial structure: stable austenite.
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Figure 5.3.3. Stress-strain relationship for NiTi-TiC composites processed in Batch 1,deformed at Td = (Ms + 5 K) on cooling from (Af + 20 K). Initial height = 12.7 mm.
Initial structure: metastable austenite.
93
1400
1200
1000
800
600
400
200
0
0 2 4 6
Strain [%]
Figure 5.3.4.
deformed at
martensite.
Stress-strain relationship for NiTi-TiC composites processed in Batch 1,
room temperature. Initial height = 12.7 mm. Initial structure: stable
94
C
I-q1
uW
8 10
1400
1200
1000
,I 800
600
400
200
0
0 2 4 6 8 10
Strain [%]
Figure 5.3.5. Stress-strain relationship of NiTi-TiC composite specimens processed in
Batch 3, deformed at room temperature. Initial height = 10 mm. Initial structure: stable
martensite.
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Figure 5.3.6. Superposition of stress-strain curves for martensitic NiTi-0 vol.% TiC
unloaded at various strains. Initial height = 10 mm.
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Figure 5.3.7. Superposition of stress-strain curves for martensitic NiTi-10 vol.% TiC
unloaded at various strains. Initial height = 10 mm.
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Figure 5.3.8. Superposition of stress-strain curves for martensitic NiTi-20 vol.% TiC
unloaded at various strains. Initial height = 10 mm.
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Figure 5.4.17. Dilatometric extent of recovery, R, on heating NiTi-0, 10, and 20 vol.%
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Figure 6.4.11. Absolute specimen strain at maximum thermal recovery (275 °C) on
heating cycle, elh, as a function of recoverable strain.
5
cC
.= 
a -EC cc
E
I
4-
3-
2-
1-
0-
-i
0 2 4
Retained Strain on Unloading [%]
6 8
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Tables
Table 4.1.1 Microprobe analysis of chemical composition of NiTi-TiC composites.
NiTi-0 vol.% TiC NiTi-lO vol.% TiC NiTi-20 vol.% TiC
at.% Ni 48.61 48.59 48.65
at.% Ti J 51.39±0.34 51.41±0.2 51.35±0.15
Table 4.2.1. Specimen Identification.
Effect of Thermal Variations on Mechanical Transformation Behavior
Dimensions: 5 x 5 x 12.7 mm
Batch 1
1A6
IB2
1C5
1A4
1B3
1C4
1A8
1B8
1C8
Mechanical Deformation,
Test Parameters IChemical Stability
Af + 5 K Stable Austenite
Ms + 5 K Metastable Austenite
Room Temp. Stable Martensite
Effect of Composite Reinforcement on Transformation Behavior
of Undeformed NiTi-TiC Composites
Dimensions: 5 x 5 x 10 mm
Batch 2
2A5
2B6
2C6
Thermal Cycling Parameters
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Undeformed, randomized transformation
Undeformed, randomized transformation
Undeformed, randomized transformation
Table 4.2.1 (continued). Specimen Identification.
Effect of Room-Temperature Mechanical Deformation
on Thermal Recovery Behavior
Dimensions: 5 x 5 x 10 mm
Batch 3
Dilatometry: Heat and Cool at 1°C/min., 25°C < T < 2750
Mechanical Prestrair
Test Parameters
RT,2%,SG
RT,3%,LVDT
RT,6%,SG&LVDT
RT,6%,LVDT
RT,9%,LVDT
Presentation of Figures
heating
!i·iiiiii~,!i...:.: -: ~-~ iiii;iiiii?~ ii, ~
x-2%
x-3%
x-6%
x-9%
cooling
x-2%
x-3%
x-6%
x-9%
Transformation
Characterizatior
x-2%
x-3%
x-6%
x-6%
x-9%
Dilatometry
Evaluation
low
good
good
good
good
2B-2% RT,2%,SG x-2% x-2% x-2% good
3B-3% RT,3%,LVDT x-3% x-3% x-3% good
5B-6% RT,6%,LVDT x-6% x-6% x-6% good
6B-6% RT,6%,LVDT _ ..-. x-6% good
7B-9% RT,9%,LVDT x-9% x-9% x-9% good
3C-3% RT,3%,LVDT x-3% x-3% x-3% good
4 C-6% RT,6%,SG&LVDT |a.i.il :::.!:::!'. .-.. iii~iii'i:~ x-6% good. .
I·1 I v: -. .......
6C-6% RT,6%,LVDT x-6% x-6% x-6% good
7C-9% RT,9%,LVDT x-9% x-9% x-9% good
_ '.'. i'Niii?/!: ' : ~:__:::i.~;'.... . " ~iii/"-~ ---:..iii: 
* RT: Room Temperature Deformation
SG: Strain Gage Measurements, Instron 1125
LVDT: LVDT Measurements, Instron 4206
NG: Not reproducible Tests
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2A-2%
3A-3%
4A-6%
6A-6%
8A-9%
-
-
.
o.
Table 5.1.1. Sample Densities and Densification based on mass and dimensions after
annealing treatment.
Theoretical Densities
A 6.450 [g/cmA3]
B 6.300 [g/cmA3]
C 6.146 [g/cmA3]
Batch 1
No HIP treatement
12.7 mm Specimens
Density
[g/cmA3]
Batch 3
After HIP
10 mm Specimens
Densification
of Test Specimen
Density
[g/cmA3]
Densification
of Test Specimen
1A3 6.363 0.9865
1A6 6.361 0.9862
1A8 6.347 0.9840
1B2 6.111 0.9700
1B4 6.125 0.9722
1B8 6.126 0.9724
1C3 5.706 0.9284
1C5 5.709 0.9289
IC8 5.657 0.9204
Batch 2
After HIP
10 mm Specimens
Density Densification
[g/cmA3] of Test Specimen
2A5 6.410 0.9940
2B6 6.224 0.9880
2C6 5.549 0.9020
3A1 6.408 0.9935
3A2 6.410 0.9938
3A3 6.408 0.9935
3A4 6.410 0.9938
3A6 6.410 0.9938
3A8 6.415 0.9946
3B 1 6.229 0.9887
3B2 6.224 0.9879
3B3 6.218 0.9870
3B4 6.225 0.9881
3B5 6.251 0.9922
3B6 6.229 0.9887
3B7 6.205 0.9849
3B8 6.226 0.9883
3C1 5.555 0.9038
3C2 5.559 0.9045
3C3 5.579 0.9077
3C4 5.564 0.9053
3C6 5.572 0.9066
3C7 5.533 0.9003
3C8 5.595 0.9103
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Table 5.2.1. Differential Scanning Calorimetry (DSC) data on NiTi-0, 10, and 20 vol.%
TiC from annealed, undeformed Batch 1. Test conducted at heating and cooling rates of
3 K/min.
Transformation
Temperatures
NiTi- NITi- NiTi-
0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
As, initial deviation 74 62 49
As 92 89 85
Peak Temperature 106.8 104.4 96.5
Af 112 110 111
Af, final deviation 124 133 126
Ms, initial deviation 81 86 113
Ms 74 75 73
Peak Temperature 69.2 66.5 65.4
Mf 64 61 57
Mf, final deviation 43 35 1.1
Table 5.2.2. Differential Scanning Calorimetry Data on NiTi-0, 10, and 20 vol.% TiC
from annealed, undeformed Batches 2 and 3. Test conducted at heating and cooling rates
of 1 K/min.
Transformation
Temperatures
loc]
NiTi- NiTi- NiTi-
0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
As, initial deviation 85 69 56
As 92 81 70
Peak Temperature 109 97 88
Af 113 105 98
Af, final deviation 124 113 104
Ms, initial deviation 89 74 68
Ms 78 70 65
Peak Temperature 72 64 56
Mf 63 52.5 44
Mf, final deviation 55 44 33
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Table 5.3.1. Nomenclature and definitions for analysis of mechanical plots engineering
stress, a, versus engineering strain, e.
Notation L Graphical Definition Physical Definition
Eload initial slope on loading apparent loading modulus
(ereor,s, ceor,s) or intersection of curve with the start of the region in which the
(etrs, as) 0.2% strain offset of Eload dominant deformation mode is
stress-induced martensitic
reorientation or transformation
da/dereo or minimum slope in Region B (at reorientation or transformation
da/detr the inflection point) rate
(ereorf, Oreorf) or intersection of do/dereor or final point at which stress-
(etr,f, ) cydetr winduced reorientation ortransformation acts as the
dominant deformation
mechanism
Aereormax or (ereorf - ereor,s) or (etrf - etrs) strain achieved as a result of
stress-assisted reorientation or
se rmanx transformation
EM maximum slope in Region C elastic loading modulus of
(at the inflection point) oriented structure
(ep, up) intersection of curve with the onset of plastic deformation as
0.2% strain offset of EM' the major contributor of strain
(emax, max) maximum strain and stress maximum strain and stress
experienced prior to unloading experienced prior to unloading
Eunload highest slope on unloading apparent unloading modulus
eunload strain at the extrapolation of residual strain the sample
Eunload to zero stress would assume if the material
unloaded strictly elastically
efal final strain after unloading to residual strain retained by the
zero stress. sample after unloading.
Aereor (ea - ereor,s) for em < ereorf strain due to main reorientation
or (ereorf - ereor.s) in Region B
Aed difference between emax and elastic strain recovered on
strain extrapolated to zero- unloading to zero-stress
stress from Eunload
Aea strain difference at zero-stress strain recovery due to reversion
between efmal and eunioad M' m M on unloading
Aetot mech strain difference between emx total mechanical strain recovery
and efmal on unloading
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Table 5.3.2. Mechanical properties of NiTi-TiC composites tested at deformation
temperature, Td = (Af + 5 K) after cooling from (Af + 20 K). Initial structure: stable
austenite.
Td=Af+S K
NiTi- NiTi- NiTi-
0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
Eload 53.8 GPa 62.9 GPa 50.8 GPa
(ets, otrs) 0.66 %, 243 MPa 0.62 %, 285 MPa 0.83 %,320 MPa
ddetr 4.03 GPa 4.49 GPa 6.1 GPa
EM' 
(etr,f, ,f)_ 
(ep, %p)
(emax, Omax) 5.78 %, 582 MPa 5.88 %, 690 MPa 5.83 %, 673 MPa
Eunload 88.9 GPa 105.4 GPa 92.1 GPa
eunload 5.13 % 5.25 % 5.16 %
efinal 4.36 % 4.47 % -
Aean 0.765 % 0.788 %
- indicates quantities not reported due to lack of data or lack of accuracy.
Table 5.3.3. Mechanical properties of NiTi-TiC composites tested at deformation
temperature, Td = (Ms + 5 K) after cooling from (Af + 20 K). Initial structure: metastable
austenite.
Td=M 6+5K
NiTi- NiTi- NiTi-
0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
Eload - - -
(etrs, ots) 0.319 %, 66 MPa 0.335 %, 76 MPa 0.399 %, 109 MPa
dc'detr 1.8 GPa 3.74 GPa 6.63 GPa
(etr,f, rf) 3.73 %, 130 MPa 2.84 %, 195 MPa 2.38 %, 240 MPa
Aetrax 3.43 % 2.50 % 1.98 %
EM' 37.1 GPa 29.4 GPa 20.9 GPa
(ep, Op) 6.86 %, 1209 MPa 6.43 %, 1191 MPa 6.31 %, 1011 MPa
(emax, Omax) 9.11 %, 1361 MPa 9.10 %, 1370 MPa 9.13 %, 1190 MPa
Eunload 109 GPa 107 GPa 113 GPa
eunload 7.88 % 7.88 % 8.10 %
efinal 7.10 % 7.15 % 7.30 %
ean 0.78 % 0.72 % 0.84 %
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Table 5.3.4. Mechanical properties of NiTi-TiC composites deformed at room
temperature. Initial structure: stable martensite.
Td = Room
Temperature
NiTi- NITi- NITi-
O vol.% TiC 10 vol.% TiC 20 vol.% TiC
Eload 35.0 44.8 GPa 45.0 GPa
(eror,s, areors) 0.69 %, 171 MPa 0.62 %, 188 MPa 0.62 %, 187 MPa
dddereor 5.28 GPa 7.73 GPa 8.62 GPa
(ereorf, Oreor,f) 4.33 %, 389 MPa 3.43 %, 422 MPa 3.15 %, 425 MPa
Aereormax 3.70 % 2.82 % 2.53 %
EM' 28.9 GPa 24.6 GPa 17.4 GPa
(ep, op) 7.26 %, 1180 MPa 6.73 %, 1185 MPa 6.53 %, 975 MPa
(emax, imax) 8.98 %, 1322 MPa 9.08 %, 1360 MPa 9.15 %, 1155 MPa
Eunload 90.9 GPa 101 GPa 95.9 GPa
eunload 7.55 % 7.73 % 7.98 %
efinal 6.84 % 6.95 % 7.13 %
ean 0.71% 0.78 % 0.85 %
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Table 5.3.5. Mechanical properties of NiTi-TiC composites deformed to various strains
at room temperature. Initial height: 10 mm. Initial structure: stable martensite.
NiTi- NiTi- NiTi-
0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
*Eiod 68.3 GPa 78.1 GPa 79.1 GPa
Ie(reors, Owres) 0.46 %, 180 GPa 0.44 %, 180 GPa 0.44 %, 186 MPa
dcdreor 5.27 GPa 7.57 GPa 6.89 GPa
(ereorf, ciorf) 4.15 %, 418 MPa 3.13 %, 413 MPa 2.94 %, 378 MPa
3.69% 2.69 % 2.50%
EM' 26.1 GPa 23.3 GPa 12.3 GPa
(ep, o) 7.14 %, 1145 MPa 6.41 %, 1127 MPa 6.43 %,782 GPa
0.90 %, 243 MPa 0.945 %, 258 MPa 0.916 %, 254 GPa
*(emqnxOmaxs2-2% 1.80 %,301 MPa 1.9 %, 333 MPa 1.93 %,330 MPa
(enxinax)3-36% 2.82%,343 MPa 2.82 %, 415 MPa 2.83 %. 370 MPa
(eDax10axm)46% D 5.75 %, 869 MPa - 6.01 %, 784 MPa
5.94%,1016 MPa
(emrxsoihx)6-6% 5.85 %, 825 MPa 5.85 %, 1008 MPa 5.89%, 755 MPa
(emnrfx~slo )7-9q% .- 9.12 %, 1339 MPa 9.15%, 950 MPa
(emxonma)&9% 9.11 %, 1313 MPa
*Eunload, 1-1% , 63.5 GPa 74.9 GPa 73.0 GPa
*Euload, 2-2% 68.0 GPa 80.4 GPa 75.9 GPa
Ealoada 33% 75.6 GPa 93.6 GPa 80.0 GPa
Euload, 4-6% 108 GPa - 113 GPa
Eunoad, 5-6% _ 101.6 GPa -
Eunload, 6-6% 89.1 GPa 105 GPa 90.7 GPa
Eunload, 7-9% 
_ 96.3 GPa 93.5 GPa
Eunload, 8-9% 94.2 GPa _
*eunload, 11% 0.523 % 0.607 % 0.575 %
*euboad, 2-2% 1.36 % 1.49 % 1.51 %
e.mload, 3-3% 2.37 % 2.38 % 2.37 %
emnoad, 4-6% 4.95 % - 5.31%
eunload, 5-6% 
_ 4.95 %
euoad, 6-6% 4.94 % 4.91% 5.07 %
eublad, 7-9% - _ 7.77 % 8.15 %
eunload, 8-9% 7.75 % -- -
* marks mechanical properties assessed
analyzed from LVDT data.
by strain-gage data. Unmarked properties were
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Table 5.3.5 (continued). Mechanical properties of NiTi-TiC
various strains at room temperature. Initial height: 10 mm.
composites deformed to
NiTi- NiTi- NiTi-
0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
~*en& 1-1% 0.410 % 0.504 % 0.460 %
*ej 2-2% 1.16 % 1.34 % 1.34 %
eflnaL 3-3% 2.09% 2.11% 2.11%
efi.4-6% 4.58 % - 4.76 %
en 5-6% 4.53 % -
efiA 6-6% 4.56% 4.41% 4.57%
efE.L~ 7-9% 7.06 % 7.30 %
efing8-99% 7.06% --
*ereorn 11% 0.44 % 0.505% 0.476 %
*Aereo 22% 1.34 % 1.46% 1.49%
bereon 3-3% 2.36 % 2.38 % 2.39 %
Aterco 6% & 9% 3.69 % 2.69 % 2.50 %
*Aed, 1-1% 0.337 % 0.338 % 0.341 %
*edb 2-2% 0.44 % 0.41 % 0.42 %
edb 3.3% 0.45 % 0.44 % 0.46 %
ed, 4-6% 0.80 % - 0.69 %
_ee_5_6 _ _ _ 0.99% -
bed 6-6% 0.90 % 0.94% 0.83 %
Aeeb 7-9% 
__1.36 % 1.00 %
Aed, &9% 1.37 % -_ _
*fere, 10-113% 0.103 % 0.115 %
*fe, 22% 0.20 % 0.16 % 0.17 %
me, 3.3% 0.28 % 0.27 % 0.26%
em, 46% - 0.37 % 
_ 0.55 %
be,, .6% -- 0.42 % -
ber, 6% 0.38% 0.50% 0.50 %
her, 79% - 0.71% 0.85%
Ae,, 8-9% 0.69% _ -
* marks mechanical properties assessed
analyzed from LVDT data.
by strain-gage data. Unmarked properties were
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Table 5.3.5 (continued). Mechanical properties of NiTi-TiC
various strains at room temperature. Initial height: 10 mm.
composites deformed to
NiTi- NiTi- NiTi-
0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
*etot _mech 1-1% 0.490 % 0.441 % 0.456 %
*Aetotmech, 2-2% 0.64% 0.56 % 0.59 %
Aetot mech, 3-3% 0.73 % 0.71 % 0.72 %
etotnech, 46% 1.17 % - 1.25%
Aeto t mech, 5.6% _ 1.41 %
Aetot mech, 66% 1.29 1.44% 1.33 %
Aetot mech, 7-9% 2.07 % 1.85 %
Aetot mech, 8-9% 2.06 % --
*Aean/lereonl-1% 0.26 0.20 0.24
_*ean/Aereon2-2% 0.15 0.11 0.11
eanm/Aereon3-3% 0.12 0.11 0.11
eanl/Aereon4-6% 0.10 - 0.22
Aean/Aereon,56% -_ 0.16
eanm/Aereon6-6% 0.10 0.19 0.20
Aeanlereon7-9% - 0.26 0.34
Aem/Aereor,8-9% 0.19
an/Ae ~~~~~~~~~~~~~~- -
* marks mechanical properties assessed by strain-gage data.
analyzed from LVDT data.
- indicates untested specimens or non-reproducible data.
Unmarked properties were
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Table 5.4.1. Coefficients of thermal expansion
determined bv dilatometric exoeriments.
(CTE) of NiTi-0, 10, and 20 vol.% TiC as
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Coefficients of
Thermal
Expansion
[10-6 K - 1]
NiTi- NiTi- NiTi-
0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
Martensite 8.1 7.6 8.3(heating)
Martensite 8.9 8.3 8.2(cooling)
Average Martensite 8.5 7.9 8.3
Predicted Martensite 8.5 8.4 8.3
[53], [22]
Austenite 12. 12.0 11.7(heating)
Austenite 11.5 11.6 11.0(cooling)
Average Austenite 12.1 11.8 11.3
Predicted Austenite 12.1 11.5 11.0
[53], [22]
Table 5.4.2. Dilatometry nomenclature and definitions.
Notation I Graphical Definition Physical Definition
de/dTp line connecting points at temperature rate of strain on initial
37.5 C and 50 *C heating
As intersection of de/dTinitial start temperature of main recovery
with the highest thermal and the (M' 1) transformation
recovery rate
de/dTmn and maximum slope in Region temperature rate of the (M' - 3B)
dR/dTain 2 transformation and main recovery
Aemain, differences in strain and in strain and R recovered during main
ARmain R between A s and A f recovery
Af intersection of de/dTmain final temperature of main recovery
with de/dTpost and the (M' - P) transformation
eth specimen strain at 275'C absolute specimen strain at
maximum thermal recovery
Aeth, strain and R differences maximum attainable recovery in
ARth between room temperature the thermal cycle
and 275 °C (on heating)
Ms start temperature of the
([ + M' - M") transformation
AeTW, change in strain and/or R in strain and R observed in
ARTW Region 5 (1 + M' -- M") transformation due
to natural transf. and/or TWSM
Mf final temperature of the
(1B + M' -- M") transformation
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Table 5.4.3. Matrix of Figures illustrating the effects of prestrain and composite
reinforcement on specimen strain and R of NiTi-TiC composites.
Specimen Strain
R, extent of
recovery
Effect of Prestrain
Effect of Composite
Reinforcement
Table 5.4.4. Engineering strains of specimens at
measured by a point-micrometer.
the start of dilatometry experiment as
Initial Specimen
Strain [%]
Specimen No.- NiTi- NiTi- NiTi-
Deformation 0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
0% 0.0 0.0 0.0
1-1% 0.361 0.430 0.476
2-2% 1.062 1.231 1.276
3-3% 1.974 1.992 1.996
4-6% 4.458 4.648
5-6% 4.404
6-6% 4.440 4.294 4.422
7-90%o 6.907 7.094
8-9% 6.879_ =
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0, 2, 3, 6, 9% for each NiTi-0, 10, 20 vol.% for each
composite prestrain
Figures 5.4.2, 3, 4 Figures 5.4.5, 6, 7, 8, 9
0, 2, 3, 6, 9% for each NiTi-0, 10, 20 vol.% for each
composite prestrain
Figures 5.4.10, 11, 12 Figures 5.4.13, 14, 15, 16, 17
Table 5.4.5. Summary of dilatometric properties of NiTi-0, 10, and 20 vol.% TiC.
Specimen No.- NiTi- NiTi- NiTi-
Deformation 0 vol.% TiC 10 vol% TIC 20 vol.% TiC
As, o% [C] 105 88 86
As, 1-1% 
_
As, 2.2% 108 104 90
As, 33 117 106 95
As,_4__6129 112
As, 56%124 
_
As, 64% 130 124 113
As, 7-% _ 126 110
As, &9% 133
de/dTmain, 0% 0.00717 0.00303 0.00386
[10- 2 K-1]
de/dTmin, 1-1% 
de/dTmn, 22% 0.080 0.114 0.051
de/dTn 3.3%1 0.231 0.131 0.077
de/dT & 4.6 % 0.681 0.150
de/dTmain, 6% 0.545
de/dTman, 6-6% 0.703 0.748 0.223
de/dTmann 7-9_% 0.170 0.105
de/dTmm, &9% 0.307
dRldTmwn, 0% 9.2 4.1 5.0
[10- 2 K7]
dR/dTmain, 1-1%
dR/dTmain, 22% 7.5 9.3 4.0
dRdTain, 3.3% 11.7 6.6 3.8
dR/dTnwin, 46% 15.3 
_ 3.2
dR/dTmain, 5-6% 12.4
dR/dTnsj, 6-6% 15.8 17.4 5.0
dR/dTmain, 7-9% 2.5 1.5
dR/dTmain, 8-9% 4.5
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Table 5.4.5 (continued). Summary of dilatometric properties of NiTi-0, 10, and 20 vol.%
TiC.
Specimen No.- NiTi- NiTi- NiTi-
Deformation 0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
Aemain, 0% [%] 0.0781 0.0740 0.0725
enmain, 1-1% -_ -_
Aemain, 2-2% 0.789 0.965 0.974
emain, 33% 1.586 1.528 1.456
Aemain, 46% 3.363 2.768
Aemain, 5-6% 3.147
emain, 66% 3.376 3.073 3.160
Aemain, 7-9% 3.384 3.182
Aemain, 8-9% 3.953 
--
ARmain, % [%] 100 100 100
ARmain, 1-1%
ARmain, 2-2% 74.2 78.3 76.3
ARmain, 3-3% 80.3 76.7 73.0
ARmain, 46% 75.4 59.6
ARmain, 5-6% _ 71.4 
ARmain, 6-6% 76.0 71.6 71.5
ARmain, 7-9% 
_ 49.0 44.9
ARmain, 89% 57.5
Af, O% [C] 116 112 107
Af, 1-1% 
Af, 22% 119 113 111
Af, 33% 123 116 115
AS _ 46% 134 130
Af, 5-6% 130
Af, 66% 134 127 127
Af, 7.9% 
_ 146 141
Af, 8.9% 146
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Table 5.4.5 (continued).
TiC.
Summary of dilatometric properties of NiTi-0, 10, and 20 vol.%
Specimen No. NITI- NiTi- NiTi-
Deformation 0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
de/dTpost, 0% 0.0 0.0 0.0
[10- K-1]
de/dTpost 1-1%
de/dTost, 2-2% 0.000426 0.000197 0.000217
de/dTpot, 3-3% 0.000529 0.000398 0.000367
de/dTot, 4-6% 0.000958 0.000757
de/dTpot, 5-6% 0.000816
de/dTpt, 6-6% 0.000822 0.000848 0.00102
de/dTRt, 7-9% 0.00200 0.00115
de/dTst, 8-9% 0.00207
dR/dTpost, 0%
[10-2 K-1]
dR/dTpost, 1-1%
dR/dTpot, 2-2% 0.0232 0.0160 0.0170
dR/dTpost 33% 0.0368 0.0200 0.0184
dR/dTwt, " 6% 0.0215 0.0163
dR/dTot, 5-6% 0.0185 _
dR/dTpt, 6-6% 0.0185 0.0197 0.0231
dR/dT t, 7-9% 
_ 
_ 0.0290 0.0162
dR/dTp0t, 8-9% 0.0301
Ae pot,0% [%] 0 0 0
Aepost, 11% 
epost, 2-2% 0.0383 0.0319 0.0356
epost, 3.3% 0.0519 0.0573 0.0548
epot,46 % 0.116 0.110
Ae pst, 5-6% 0.119
e post,6 6-% 0. 123 0.124 0.135
fiepost, 7-9% 0.259 0.154
Aepo6t, -9% 0.266 
--
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Table 5.4.5 (continued). Summary of dilatometric properties of
TiC.
NiTi-O, 10, and 20 vol.%
Specimen No.- NITi- NiTi- NiTi-
Deformation O vol.% TiC 10 vol.% TiC 20 vol.% TiC
ARpo, 0% [%] 0 0 0
ARst, 1-1% -
ARpot, 2-2% 3.61 2.59 2.79
ARpt, 3-3% 2.63 2.88 2.75
ARpst, 4-6% 2.60 2.37
A oR S, 5-6% 2.70
ARpod, 6-6% 2.76 2.90 3.05
ARpot, 7-9% 
_ 3.74 2.18
ARp]st, 8-9%3.87 
_
e*&, 0% [%] 
-0.078 
-0.074 
-0.0725
et, 1-1%
ea, 2-2% 
-0.179 
-0.180 
-0.202
ela, 3-3% 
-0.269 
-0.312 
-0.362
_h_, 46%  
-0.824 
-1.322
et, 5-6% 
-0.939
ea,, 6-6% 
-0.770 
-0.886 
-1.127
ea, 7-9% 
-3.064 
-3.506
et*, 9% 
-2.694
_Aeo, 0% [%] 0.0781 0.0740 0.0725
Aeth, 1-1% 
_
be, 2-2% 0.883 1.052 1.074
Ael, 3-3% 1.705 1.680 1.634
Ae, 4-6% 3.633 
_ 3.326
felh, 5-6% 3.466
lth, 6-6% 3.670 3.408 3.294
fAe, 7.9% 3.843 3.588
eh, g &9% 4.484 _
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Table 5.4.5 (continued).
TiC.
Summary of dilatometric properties of NiTi-0, 10, and 20 vol.%
Specimen No.- NiTi- NiTi- NiTi-
Deformation O vol.% TiC 10 vol.% TiC 20 vol.% TiC
AR9, 0% [%] 100 100 100
AR&, 1-1% -- -I -
ARah, 22% 83.1 85.4 84.1
ARah, 3-3% 86.4 84.3 81.9
ARt, 44% 81.5 71.6
ARih, -6% 78.7 
ARh, 64% 82.7 79.4 74.5
ARt, 7-9% 55.6 50.6
AReh, -9% 65.2 __
Table 5.4.6. Ratio of thermally recovered strain to mechanically reoriented strains of
NiTi-TiC composites deformed to a series of strains at room temperature. Initial height:
10mm.
NiTi- NiTi- NiTi-
0 vol.% TIC 10 vol.% TiC 20 vol.% TiC
ie/ 11% re ol- - -
iAet/Aereom,22% 0.66 0.72 0.72
ie th/Aereo 3-3% 0.72 0.71 0.68
eh/Aero,446% 0.98 - 1.33
Ael/Areos.6% _ 1.29 -
beth/Aereon6-6% 1.01 1.27 1.32
Aelh/Aereon7-9% 
_ 1.43 1.44
Aefa/Aeror,s9% 1.22 
_ _- -
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Table 5.4.7. Summary of
height 10 mm.
thermal recovery properties of NiTi-TiC during cooling. Initial
NiTi- NiTi- NiTi-
0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
;, o% [C] 76 67 67
N ;,1-1% 
_ _ _ _ _ __75
M;, 22_ 79 72 71
Ms, 3.3% 78 70 68
M, 46% 74 70
6, .s6% 68 
__6_6_% 69 69
7N, 79%. 66 66
Ms, .9% 71
i 0o% [0 C] 67 57 53
Mr, 1.1% 67
Mt 2-2% 72 63 58
Mr, 3.3% 71 59 58
Mr, 46% 67 53
MS5 6 % 555
M 6-6% 57 55
Mf, 79% 46 48
M_, 89%_ 59 
_
Abeoo, 0o% [ 67 57 53
Aecool, 1-1% 67
AeooI, 2-2% 72 63 58
Aecool, 33% 71 59 58
Aecool, 4-6% 67 53
becool, 56% 55 
Abeool, 6-6% 57 55
Aecool, 7.9% 46 48
Aeool, 8-9% 59 -
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Table 5.4.5 (continued). Summary of dilatometric properties of NiTi-0, 10, and 20 vol.%
TiC.
Specimen No.- NiTi- NiTi- NiTi-
Deformation 0 vol.% TiC 10 vol.% TiC 20 vol.% TiC
etotab 0% [%] 0.0781 0.0740 0.0725
ietotal, 1-1% _ - I 
etotab 2-2% 0.789 0.965 0.974
Aetotab 3-3% 1.586 1.528 1.456
fietotab 46% 3.363 2.768
&etota,b 5-6% 3.147 -
Aetotab 6-6% 3.376 3.073 3.160
fietotab 7-9% - 3.384 3.182
fetotab 89% 3.953 --
ARtotab 0 % [%]100 100 100
ARtotab 1-1% 
-- 
--
ARtotal, 2-2% 78.66 75.39 74.85
ARtotal, 3-3% 82.76 75.73 73.87
ARtotab 46% 70.56 -- 61.88
ARtotab 5-6% 67.59
ARtotab 6-6% - 69.61 65.38
ARtotab 7-9% 48.12 43.08
ARtotab 8-9% 58.48
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Appendix A
LVDT Calibration
The linear variable displacement transducer (LVDT) required calibration to first
relate voltage output to no-load displacements. Mounting the LVDT into a flat-heat
micrometer, the core was displaced within the linear range of the LVDT, and the
corresponding voltage recorded. The no-load relationship between core displacement and
output voltage was determined to be 3191.5 mV/mm displacement, Figure Al.
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-2 -1 0 1 2
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Figure Al. No-load LVDT calibration (voltage output vs. displacement).
152
Under loading conditions, however, compliance in the steel pieces housing the
platens (Figure 3.1) resulted in greater core displacements, and larger strains than actually
experienced by the specimens. Thus, the LVDT was again calibrated under loading of a
linearly elastic steel specimen by comparing the LVDT data against that simultaneously
acquired by highly accurate strain gages mounted directly onto the specimen. The
contrasts in data as well as the calibration fit and corrected data are shown in Figures A2,
A3, and A4, respectively.
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Figure A2. Contrasting LVDT-acquired data and strain-gage measurements.
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Figure A3. Compliance assessment to determine strain discrepancy between LVDT and
strain-gage data. Displacement difference vs. Load, unloading curve.
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Figure A4. Verification of LVDT strain data correction.
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Appendix B
Graphical and Numerical Definition of Extent of Recovery, R
The underlying assumption used for the evaluation of the extent of recovery, R, is
that each phase, martensite, M, and austenite, B, has its own linear path of thermal
dilatation. During transformation, specimen length deviates from the line of one phase
and approaches that of the other. The extent of transformation or recovery, R, for a given
temperature, therefore, is the ratio of the deviation from one path to the total dilatation
between the two paths, as shown in Figure B 1:
10.1
Lo'
10
9.9
E
ts
c;
q2
9.8
9.7
9.6
Lo'
9.5
9.4
40 80 120 160 200
Temperature [C]
240 280 320
Figure B 1. Graphical definition of the extent of recovery, R.
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Therefore,
= - iM AltransfR = · 100 ,, l100 Volumefraction [%] (B1)
I - M Amx
where R A degree of recovery and extent of transformation [%],
I A instantaneous sample length [m]
= Lo' (mm-y)(mV/mm-y)(mm/202 mV) + aqzLo'-AT
(B2)
and aquartz thermal expansion coefficient of quartz [K-l]
= 0.55 10- K- 1
IM sample length that a fully martensitic, non-transforming
NiTi-TiC composite would assume [m],
1I sample length that a fully austenitic, non-transforming
NiTi-TiC composite would assume [m],
Altrasf length covered due to transformation [m]
= R/100Almax, and (B3)
Almax total length recoverable as governed by mechanical
unloading [m]
= L- L. (B4)
By definition,
IM = Lo (l+aM-AT) (BS)
with
Lo initial, undeformed sample length [m],
aM CTE of the pure martensitic phase K-1]
AT A temperature change [K],
and
113 = (Lo'- ) (1+ acAT) (B6)
with
Lo' , sample length after deformation [m],
86 expansion observed during the ( - M) of undeformed
NiTi-TiC specimens [m], and
a* ,i CTE of the pure austenitic phase [K-I].
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Appendix C
Predictions for NiTi-TiC Composite CTE
Thermal expansion of composite NiTi-TiC were predicted using the model
reported in Taya and Arsenault [53] for spherical particles in an isotropic matrix:
acx a + Vf(1- Vf 
where
and
Yf_ -Km
~~ clg~ ~'aC -- mXi
am) (1 - Vf )Km + VfKf + (3KmKf ) / (4/m)
ac CTE of the composite [K-1]
a (1-Vf) am + Vf af [K -1]
Vf volume fraction of particles,
af and am
Kf and Km
- CTE of the reinforcement and matrix materials,
respectively [K- 1]
- bulk moduli of the reinforcement and matrix,
respectively [Pa]
'm shear modulus of the matrix [Pa]
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